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Abstract 
This work covers an investigation of the use of customised laser beam profiles to improve the 
characteristics of wire-based laser deposition, by using the modified beam to control the 
thermal cycle of the deposition process. 
Inherent disadvantages of wire fed deposition vs. powder have been previously identified; 
namely that it is highly sensitive to changes in processing parameters, a tendency to low surface 
quality and a high incidence of porosity and cracking. Two potential avenues are identified and 
explored for the purpose of improving these disadvantages: Laser beam shaping and wire cross-
sectional modification. 
The investigation is presented in both theoretical modelling and physical experiments. Surface 
reflectivity calculations are predicted that relate the incidence angle profile across the wire 
width with it absorption profile. Further heat transfer simulations were used to compare the 
heat conduction within the wire for the various wire cross-sections and experimental beam 
profiles. From this, melting simulations are presented with a variety of wire shapes and beam 
profiles. 
A series of experimental studies are presented comparing the use of different beam profiles on a 
single wire geometry, and then a single type of beam profile on different wire geometries. These 
are analysed principally with optical microscopy, with selected samples also studied via EBSD 
analysis. These corroborated the simulation results, where the use of altered beam profiles was 
found to give improved results in regard to the ability to form a melt pool, reduced power 
requirements and improved dilution characteristics. Combining a shaped beam with shaped wire 
gave further improvements. 
Subsequent to this, experimental clad tracks are presented that show the ability to create 
multiple layers in different directions, as well as the ability to use shaped wire with a wire feeder. 
This work shows that through the ability to modify the laser beam and wire cross-sectional 
profiles together with each other, the deposition properties can be improved; with a reduction 
in required power, an improvement in clad track quality and a reduction in process sensitivity. 
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“Where does light come from; and where does darkness go? Can you take each to its home? Do 
you know how to get there?”  
- Job 38:19-20  
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Glossary of acronyms 
All acronyms in this work are presented here for convenience. They are also defined in their first 
mention in the sections where they appear. 
Abbreviation Definition 
HOE Holographic Optical Element – the type of laser optic used for laser beam 
thermal profile shaping 
 
BCC Body Centred Cubic – a type of steel crystal structure, also known as a 
ferritic structure 
 
FCC Face Centred Cubic – a type of steel crystal structure, also known as an 
austenitic structure 
 
BF Bright Field illumination – a type of optical microscope illumination used 
for general imaging 
 
DF Dark Field illumination – a type of optical microscope illumination that is 
often used to highlight grain boundaries revealed by etching 
 
DIC Diffractive Interference Contrast – a type of optical microscope 
illumination that can be used give a three-dimensional relief of the sample 
that is often used to reveal details at high magnification 
 
EBSD Electron Back-Scatter Diffraction – a technique used in a scanning electron 
microscope in order to detect and measure the physical grain structure, 
including cross-sectional areas and grain orientations 
 
IPF Inverse Pole Figure map – a type of map created using EBSD that shows 
grain sizes and orientations using colours to represent different grains and 
grain angles. 
 
HAZ Heat Affected Zone – the region in the substrate where microstructural 
changes have occurred due to thermal effects from the deposition 
process, but without being melted. 
 
DOE Diffractive Optical Element – a type of laser optic used during research by 
Hansen et al. (Hansen et al. 2014) 
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1 Introduction 
Laser metal deposition is an increasingly important industrial process, coming into common 
usage for the purposes of surface coating and manufacturing. A major application of metal on 
metal deposition is for corrosion protection (Mahmood et al. 2012). This has applications in the 
oil industry for protection of pipelines, where the cladding of steel pipes with nickel-based alloys 
provides a cost-effective form of corrosion resistance (Watanabe et al. 2011). Other applications 
include surface coating for hard-facing and additive manufacturing. 
The majority of laser metal deposition systems in current use are powder based; with pre-placed 
powder tending to be used for additive manufacturing and powder feeding is used for surface 
coating. The use of wire as a material source has been studied, but it is not in common industrial 
use, despite clear advantages in deposition rate (Syed et al. 2006) and material efficiency (Syed 
et al. 2005). This is due to major disadvantages compared to powder; primarily high sensitivity to 
changes in processing parameters (Toyserkani et al. 2005), as well as higher dilution (Vilar 1999) 
and lower absorption efficiency compared to powder. 
Wire therefore has considerable potential as a material source for laser deposition. Previous 
research into the use of Holograph Optical Elements (HOE’s) to alter the heat distribution of 
laser beams has shown considerable efficacy in the improvement in processing results for laser 
welding (Kell 2007) and powder-bed laser deposition (Gibson 2012). It is possible that the same 
heat flow control techniques could be used to improve wire based laser deposition.  
1.1 Research questions 
The goal of this project is to provide answers to the following research questions: 
• Research question 1: Can the use of wire with HOE’s remove the traditional problems 
associated with powder? 
• Research question 2:  Can computer models of laser beam heat flux distribution be used 
to predict fluid flow in the melt pool and can predictions of melt pool fluid flow be used 
to control it experimentally? 
• Research question 3: Does fluid flow control in the melt pool give benefits regarding clad 
track structure? 
• Research question 4: Can HOE’s be used to create physical depositions with this level of 
control?  
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• Research question 5: How does the relationship between wire shape and heat flux 
distribution affect metallurgy? 
These research questions arose out of the literature survey and are discussed in more detail in 
Section  2.7. 
1.2 Chapter synopses 
Chapter 2 is the Literature Review. This covers pre-existing work that is of interest to this project 
and relates it back to the research questions. It covers comparisons between lasers and other 
heat sources, material deposition techniques and their relative advantages and disadvantages, 
the various methods used to shape laser beams and their effectiveness, the basic principles of 
holographic optical elements with previous research completed using them and existing work in 
the simulation of laser wire deposition. 
Chapter 3 details all of the experimental procedures used during the project. Details of the 
elemental compositions of the substrate and clad materials, as well as the etchants used for 
optical microscopy, are also included. Some microstructural characterisation of the initial 
materials - substrate, wire, annealed wire and shaped wire - was conducted in order to show the 
grain structures of these materials as well as the effects of different etchants and optical 
microscope illumination techniques and is given in Appendix B. 
Chapter 4 presents the surface reflectivity calculations and computer simulations used to 
provide the theoretical underpinnings of the experiments. Computer simulations consisted of 
two parts: Simulations of heat conduction in the substrate and simulations of wire melting and 
melt pool behaviour. These were used to predict the effects of different beam profiles and wire 
shapes. 
Chapter 5 presents the main body of results regarding the comparison of the effects of different 
beam shapes on standard circular section wire, using a CO2 laser. Evaluations of the properties 
of the resulting tracks are presented as well as comparisons to the simulation predictions, giving 
information that validates the thermal models. 
Chapter 6 presents the main body of results regarding the use of wire shaping to control clad 
track properties; using a CO2 laser. Evaluations of the properties of the resulting tracks are 
presented, as well as comparisons to the simulation predictions, giving information that 
validates the thermal models. 
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Chapter 7 presents trials of wire feeding using a Nd:YAG laser. Single layers were created using 
both round and flat wire, showing how the advantages of wire shaping presented in Chapter 6 
translate into wire feeding. Multi-layer clad tracks are then presented with analysis of the 
bonding behaviour and microstructural changes in the layers when they are stacked up. It was 
not possible to use HOE’s with the Nd:YAG, so this was conducted using an enlarged Gaussian 
beam. 
Chapter 8 presents further development of the multi-layering using both flat wire and HOE-
generated beams. This was conducted back on the CO2 laser and as such it was not possible to 
use the wire feeder; multi-layering was completed using pre-placed wire. The results are 
presented for a number of different layer counts, showing the further advantage of using a HOE-
generated beam on flat wire for multi-layering.  
Chapter 9 is a discussion of the results generated and the knowledge gained as a result. This 
feeds into Chapter 10, which recalls the original research questions and relates them to the 
results of the thesis in order to determine how effectively this work has answered those 
questions. Ideas for further work are then presented in Chapter 11. 
Five appendices are included in this work, in order to present extra detail on certain aspects of 
the experimental procedure. Appendix A gives details on sample preparation and microscopy 
techniques. Appendix B covers a microstructural analysis of the parent materials used in the 
study. Appendix C covers laser welding experiments completed on the Nd:YAG laser prior to the 
laser cladding experiments covered in Chapter  7. Appendix D gives some additional details 
regarding the design of the wire feeding system and Appendix E contains the two papers 
published from this work, as well as the third paper that is under review. 
1.3 Claims of originality 
This project contains the following original work: 
• Fresnel relations have been used to calculate the effects of wire geometry and beam 
thermal profiles on the absorption profile of stainless steel wire. 
• Melting simulations have been used to show that laser beam and wire shaping 
techniques can be used to control the fluid flow in the melt pool in laser deposition. 
• HOE’s used for laser beam control have been shown to be effective in the control of 
heat flow in the laser deposition of pre-placed circular-section wire, giving 
improvements in wetting and dilution characteristics. 
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• Wire shaping techniques used in conjunction with HOE’s have been shown 
experimentally to give superior pre-placed deposition performance to HOE’s used alone, 
with respect to wetting and dilution. 
• Shaped wire used in wire feeding has been shown to give superior performance to 
standard wire, with reduced sensitivity to changes in processing parameters and 
increased deposition rate. 
• Shaped wire fed laser deposition has been demonstrated to be effective for the creation 
of multilayer stacks on both flat substrates and rotating pipes. 
• Multilayer stacks created with shaped wire in conjunction with HOE’s have been found 
to be capable of producing stacks with smooth sides and more isotropic grain structure 
than shaped wire alone. 
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2 Literature review 
In simple terms, metal cladding is a process whereby one metal (the clad material) is deposited 
onto the surface of a different base metal (the substrate), in order to change its surface 
properties in some fashion. This requires the use of a heat source to melt one layer of material 
on top of another.  
Cladding and component fabrication both work on similar principles. Cladding involves 
depositing layers of material onto a substrate; fabricating can be thought of as cladding where 
the layers cover a specific cross-section and are then built up on top of each other to form an 
entire component.  
2.1 Material deposition 
This section discusses the principal material deposition techniques and their relative advantages 
and disadvantages. 
2.1.1 Pre-placed powder 
For this process, material powder is typically mixed with binder to form a slurry before being laid 
on the substrate surface. Jeng et al. (Jeng et al. 2000) found that this allows the powder bed to 
‘stick’ to the substrate and avoids the powder being blown away by the gas shroud. A schematic 
of this is shown in Figure  2.1. 
 
Figure  2.1: Schematic of pre-placed powder deposition 
Thermal analysis shows that the melt pool progresses downwards rapidly through the powder 
layer until it hits the powder-substrate interface, where there is a suddenly-increased thermal 
load due to the high conductivity of the substrate, causing resolidification. Additional heat is 
  
    
  
Pre-placed powder Clad layer 
Substrate 
Direction of deposition 
Defocussed 
laser beam 
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needed to melt the substrate and achieve a fusion bond, but this increases the dilution of the 
clad track (Steen & Mazumder 2010). 
The end result is a process in which it is easy to get low dilution, but difficult to get a low-dilution 
fusion bond. Therefore, the heat input must be tightly controlled.   
Vilar  found practical drawbacks (Vilar 1999): 
• Applying a layer of powder to the part can be time consuming. 
• Applying a layer of consistent thickness over a complex shape is difficult. 
• The evaporation of the binder during melting can cause rough surface finishes and 
porosity. 
These drawbacks make it unsuitable for laser cladding, since it cannot be adapted for surfaces 
that aren’t perfectly flat. It is commonly used in 3D printing systems however, where pre-
existing geometry is not an issue. 
2.1.2 Powder feed 
In powder feeding, the powder is blown into a pre-existing melt-pool. This has an advantage 
over pre-placing powder in that the heat travels from the interface upwards, rather than from 
the top surface downwards. This means that the interface fuses and solidifies almost instantly, 
before the rest of the clad layer melts, giving a clad that has both a good fusion bond and low 
dilution (Steen & Mazumder 2010). 
There are two basic ways of powder feeding: Axial feeding (in line with the laser beam), and 
lateral feeding (from the side of the beam). These are shown in Figure  2.2. 
 
Figure  2.2: Schematic of (a) axial feed (b) lateral feed 
Clad layer 
  
  
  
Clad layer 
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Clad direction 
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(b) 
Clad direction 
Defocussed laser 
beam 
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An axial system can move in any direction (Jeng et al. 2000) whereas lateral feeding is affected 
by the direction of the powder feed with respect to the direction of the clad, and therefore 
limited. However, Luo & Chang (Luo & Chang 2005) overcame the directional limitations of 
lateral feeding by blowing the powder in from multiple directions at once. Commercial systems 
such as LENS (Laser Engineered Net Shaping), use this method. 
There have been several studies on the mechanics of axial powder flow to aid the design of 
feeding nozzles. Pinkerton & Li (Pinkerton & Li 2004) found that powder that is fed axially using a 
gas feed takes a Gaussian concentration profile.  
Pan and Liou (Pan & Liou 2005) created more detailed models to predict effects caused by nozzle 
geometry without a gas feed. The spread or focusibility of the powder therefore depended on 
powder morphology; specifically the deviation of the individual grains from a spherical shape. 
After taking this into account, they found that the width and outer diameter of the nozzle 
passage are critical dimensions when structuring the powder flow. 
In co-axial powder feeding, it was found by Paul et al. (Paul et al. 2007), that the primary driver 
of deposition rate was powder feed rate, followed by scan speed and laser power. 
2.1.3 Wire feed 
In wire feeding, a wire source material is fed directly into the melt-pool. This is shown in 
Figure  2.3. 
 
Figure  2.3: Schematic of wire feed 
Experiments conducted by Kim et al. (Kim & Yun Peng 2000a) on Inconel 600 found that the 
direction of wire feeding is of vital importance to clad quality. The directions tested are shown in 
Figure  2.4. 
Clad layer 
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Figure  2.4: Wire feed direction (a) from the rear (b) from the front 
For rear feeding, it was found that the clad layer tended to interfere with the wire, especially at 
shallow angles. There also tended to be insufficient melting of the wire if the wire feed rate was 
too high. Feeding from the side of the clad was also tried, but this was also found to cause 
incomplete melting of the wire with excessing feed rate and had a tendency to cause asymmetry 
in the melt-pool shape. Front feeding was found to avoid both of these problems. 
Feed angle was found to be of critical importance in wire feeding. Experiments by Syed et al 
(Syed et al. 2005) using a rectangular beam shape found that to get a continuous clad, the 
required angle range was 10 - 75° for front feeding or 105 - 170° for rear feeding. Excessively 
shallow angles caused the wire to be lifted up by the solidifying melt pool, causing misalignment 
and discontinuity. Best quality was found to be within 20 - 60°. 
This work was corroborated by Mok et al. (Mok et al. 2008). Using a rectangular beam shape 
from a diode laser, feeding at 45 - 60° feed angle was found to be preferred. Feeding from the 
side or front of the melt pool was preferred to feeding from the rear, because it gave a 
smoother surface. Side feeding gave a smooth surface, but with rough edges due to the feed 
direction; therefore front feeding gave the best results. Following this, a parametric study of 
wire feeding of Inconel wire was completed by Abioye et al. (Abioye et al. 2013), using front-fed 
Inconel 625 at a feeding angle of 42°. Wire feed rate was varied at different laser powers and 
traverse speeds. If the wire feed rate was too slow, “dripping” or “drop transfer” occurred. A 
wire feed rate that was too fast reduced the clad quality by “stubbing” the wire against the 
substrate. Optimal feed rates gave a smooth transition for the wire into the melt pool. They also 
found that the contact angle (the angle between wire and substrate), although set overall by the 
Clad layer 
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feed angle, was also a function of wire feed rate and traverse speed and could be modified by 
them independently of the feed angle. 
In addition to the previously mentioned work, a contribution by Miranda et al. (Miranda et al. 
2008) also noted that the position of the wire relative to the substrate was identified as an 
important governing factor. This work is more comprehensive, since it also accounts for the 
traverse rate of the substrate relative to the feed mechanism, which Abioye et al. did not.  
Miranda et al. also made important observances with regard to the relative widths of the laser 
beam and wire, noting the differences in processing between a beam that is the same width as 
the wire and one that is significantly bigger. According to them, there is a trade-off between 
productivity and stability, where a larger beam increases the melting area and is therefore less 
sensitive to process fluctuations but a smaller beam is more productive since its energy is 
focussed on the wire and less is lost to the substrate. This feature was not noted by others, 
despite they themselves using it. Kim et al.(Kim & Yun Peng 2000a) for example used a beam 
diameter of 2.5 mm, with an Inconel wire diameter of 0.2 mm fed at a high speed in order to 
achieve the required deposition rate. A weakness of Miranda et al.’s analysis of this point is that 
these beam-to-wire size ratios are not actually tested in the paper, nor are any experimental 
studies referenced. 
Wire-based deposition has generally focused on areas where powder-based methods are 
deficient. Capello et al (Capello et al. 2005) showed that wire based deposition could be used to 
correct for defects in powder-sintered metal tooling. Large residual thermal stresses, distortions, 
cracks, pores and other defects reduced the life of the tools in service. Repair by wire deposition 
was successful in creating a metallic structure free of cracks and with reduced porosity. The 
ability of a laser to focus its power, in contrast to a TIG torch, allowed the use of a smaller 
diameter wire than usual. This reduced the local thermal damage and also made it possible to 
repair much smaller and more complex features. 
The AMRC at Sheffield University has developed a process, inherited from Rolls Royce, called 
Shaped Metal Deposition (SMD). This is a wire-fed TIG process that is now the driving technology 
of the Rapid Production of Large Aerospace Components (RAPOLAC) project (AMRC).  
Wire shaping 
Fux  and Luft (Fux & Luft 1993) experimented with the use of metal ribbon in the place of wire, 
and were successful in creating low dilution clad tracks, using a scanning laser to cover the 
whole width of the ribbon. However, it must be noted that this was not achieved with wire as 
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understood in the traditional sense. Amorphous metal ribbons were created, using a “planar 
flow casting” process. Inductively molten metal was pressed onto a roll by a stream of cold air. 
This achieved the extremely rapid cooling rate and very small thickness required to create an 
amorphous structure. 
Rolls Royce patent EP1454703 B1 (Clark 2006) discusses the use of wire shaping to maximize 
heat absorption in laser cladding. This proposes the pre-heating of wire using a set of heated 
rollers. The heating is used to ease the reshaping of the wire and limit the effects of work 
hardening subsequent to the shaping process. Also mentioned is the possibility of using diode 
lasers to create a flat rectangular spot. Similarly to Fux and Luft, the patent recommends the use 
of wire shaped into a ribbon form when using this beam shape.  
2.1.4 Preheated laser cladding 
Lasers are an extremely inefficient method of heating up the wire and substrate, however their 
ability to provide a focussed heat source and rapid cooling rates is vital to the quality of the melt 
pool. The obvious solution is to pre-heat the wire and/or substrate with a separate, more-
efficient heat source and only utilise the laser for the final melting stage. A number of 
experiments have investigated the utility of preheating the substrate and wire. 
Preheating the substrate 
Alimardani et al. (Alimardani et al. 2010; Fallah et al. 2010), investigated the cladding of Stellite 1 
onto AISI 4340 steel, using a lateral powder jet. The effects of preheating the substrate were 
generally beneficial. Thermal gradients were reduced, consequently reducing thermal stresses 
and eliminating cracks. In addition, a more uniform dendritic microstructure was created when 
the substrate was preheated, compared to the inhomogeneous composition of non-preheating. 
Other research by Jendrzejewski et al. (Jendrzejewski et al. 2003) investigated the hard-facing of 
chrome steel with Stellite 6, using an axial powder feed. In this experiment the substrate was 
heated to 635 and 700 °C. It was possible to greatly reduce cracking on samples created with 
preheated substrates and completely eliminate them at temperatures above 650 °C, but it was 
also found that preheating the substrate reduced the hardness and corrosion resistance 
properties of the coating by 4 to 6 times, with the negative effects increasing with temperature. 
Further work by the same authors (Jendrzejewski et al. 2008) identified migration of iron from 
the steel substrate into the Stellite layer, in quantities dependent on substrate preheat 
temperature. This mixing was identified as being responsible for the previously reported 
degradation in Stellite protective properties. 
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This suggests that preheating the substrate is effective in correcting flaws related to thermal 
non-uniformity, allowing the formation of more uniform microstructures and reduction or 
elimination of thermal cracking. However, if the substrate is preheated it can facilitate material 
transport from the substrate into the clad track, which can degrade material properties. There 
must therefore be a balance point, where the substrate can be heated enough to assist with the 
elimination of thermally-related flaws but without degrading the properties of the clad with 
undesirable mixing. 
Preheating the wire 
Experiments by Jones et al. (Jones et al. 2004), used heat wires for the minimisation of defects in 
laser welding of crack-sensitive nickel-based super alloys. Preheating the wire allowed welds to 
be created with minimal distortion and none or very few instances of cracks or porosity. In laser 
deposition, Hinse-Stern et al found that pre-heating the wire was effective in improving the 
efficiency of the cladding process, improving the melting behaviour and greatly reducing the 
laser energy required for the process (Hinse-Stern et al. 1991).  
Studies of the hot-wire laser cladding process were also completed by Nurminen et al. 
(Nurminen et al. 2007) with an electrical resistance wire heater. In this context, the wire heating 
system was directly analogous to a MIG torch, and the process was therefore referred to as a 
hybrid system. Another feature of this investigation was the use of a cored wire for laser 
cladding of hard alloys such as Stellite, a material difficult to produce in wire form which is 
usually laser deposited as a powder. The productivity increase from pre-heating the wire was 
measured to be triple that of non-heated wire or powder. 
Liu et al. (Liu et al. 2014) experimented with preheating the wire in order to increase deposition 
rate and decrease laser power requirement using an electrical resistance heating system. The 
laser was primarily used to melt the substrate to create a fusion zone. The voltage of the 
preheating system had to be carefully controlled, because if it got too high an electrical arc 
formed, causing spatter. Work by Wen et al. (Wen et al. 2015) using a similar resistance-based 
system for laser deposition of martensitic stainless steel wire found the optimal temperature to 
be around 1325°C, just below the solidus temperature of 1381°C. The effects of this preheating 
were found to similar to the work on substrate preheating, eliminating instances of cracking 
from a material that is usually prone to crack formation. Formation quality of the clad track was 
found to be determined by the preheat temperature of the wire. 
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2.1.5 Comparison between powder and wire 
A comparison between powder and wire feeding was conducted by Syed et al (Syed et al. 2005). 
Advantages and disadvantages were found for both systems. 
Wire advantages compared to powder 
The main advantages of wire feeding lie in the areas of surface finish and material efficiency. For 
wire feeding, close to 100% of the material delivered is deposited, whereas for powder, the ratio 
is closer to 40%. This was found in a comparative study by Syed et al. (Syed et al. 2005) 
Work done by Wang et al. (Wang & Li 2011), however, on a vibration-based powder feeding 
method reported a much-higher material usage rate – up to 100%. This uses a vibrating powder 
delivery system along with gravity to feed powder into the melt pool. This allows much lower 
powder velocities and therefore greater control over powder flow. Whether this gave any 
advantage over wire with regard to absolute material deposition rate was not tested. 
In general, wire feeding therefore wastes less material than powder feeding and wire itself is 
much cheaper, for equivalent volume (Toyserkani et al. 2005). In powder feeding, loose grains 
can get stuck to the clad track as it solidifies. Some of these can be removed, but many can’t, 
giving a rougher surface finish. This does not happen for wire-fed cladding, giving a smoother 
surface finish. 
Wire is more suitable for automatic production, since it is much easier to regulate the feeding of 
a wire than the blowing of powder. It is also more adaptable to a variety of positions, such as 
cladding the inner wall of a tube (Kim & Yun Peng 2000a), vertical or overhead orientations.  
Wire is also a far denser material than powder, which means that it is capable of a much higher 
feed rate (Syed et al. 2006). This is a great advantage, since it is a capability of great interest to 
manufacturers interested in large-area deposition. In addition, wire does not require a complex 
nozzle design and feeding system to achieve adequate material input. Co-axial powder-feed 
nozzles are complex structures (Nowotny et al. 2003), requiring mathematical models to create 
optimal powder flow (Pan & Liou 2005). Wire feeding requires no such consideration, although it 
is subject to similar requirements in terms of feed angle and direction.  
Wire disadvantages compared to powder 
The major disadvantages in wire feeding lie in its dependence on process parameters 
(Toyserkani et al. 2005). Wire feeding is a sensitive process, and disturbances can cause a 
dramatic decrease in clad quality.  
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Clad tracks produced by wire feeding with lasers also tend to have low surface quality, low 
bonding strength and a high incidence of porosity and cracking. Dilution is typically around 20%, 
as opposed to approximately 5% for blown powder deposition (Vilar 1999). 
2.1.6 Combined methods 
One way of getting around the limitations imposed by the source material types has been to 
combine them. Research into this has taken various forms and is detailed here. 
Combined wire and powder 
Syed et al. (Syed et al. 2007a) proposed a laser cladding system using a combination of wire and 
powder. Their experiment involved the feeding of nickel wire and copper powder onto a steel 
substrate simultaneously, in order to create a functionally graded material; for example, altering 
the proportion of copper in the melt pool altered the thermal conductivity. Combining materials 
in this way allowed their respective material properties to be combined to the best advantage 
for any given application. Marangoni flow within the melt pool was sufficient to give reasonably 
thorough mixing of the two clad materials, provided that the melting temperature of the both of 
them was exceeded. This was followed up by comparing this method to a powder-powder 
feeding method (Syed et al. 2007b). This found that it was possible to get more homogeneous 
mixing with wire-powder than with powder-powder due to higher temperatures developed in 
the melt pool. 
Higher melt pool temperatures were found to be an advantage of wire-based processing by 
Wang et al. (Wang et al. 2006), who experimented with creating functionally graded mixtures of 
titanium alloys using a combination of wire and powder feeding. The higher temperatures lead 
to lower cooling rates, which reduced the instances of martensite in the final clad structure. 
They also found that wire-powder gave less material wastage than powder-powder, since using 
wire as the main source material with powder as the alloy both reduced the overall amount of 
powder used and also made it possible to reuse powder that didn’t mix into the melt pool. 
Combined wire and machining 
Experiments to incorporate physical machining processes into laser deposition have also been 
carried out. Choi et al. (Choi et al. 2001) came across the problem of inconsistent surface 
properties when cladding with a CO2 laser. The solution was to add a milling step between each 
layer. Once the layer was deposited, the milling process was used to remove the top two 
millimetres. This had the effect of standardising the layer thickness, with the added benefit of 
creating a uniform flat top surface to bond the succeeding layer to. These results were also 
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found by Capello et al. (Capello et al. 2005), who were successful in creating a wire-fed 
deposition technique that required some post machining between layers due to the rough upper 
surface of the depositions. Their micrographs also exhibited a large amount of dilution; not an 
issue when repairing since the clad material and the substrate are identical, but a problem when 
bonding dissimilar materials. 
This technique has also been described by Song et al. (Song et al. 2005). Utilising a post-
deposition milling process between layers gave a dimensional precision improvement from ± 0.5 
mm to ± 0.01 mm and an improvement in surface roughness (Ra) from 150 µm to 2 µm; superior 
to both the SLS and LENS commercial processes. A schematic of this is given in Figure  2.5. 
 
Figure  2.5: Schematic of (a) laser deposition process and (b) subsequent face milling process. Edited image referenced 
from Song et al. (Song et al. 2005) 
2.1.7 Deposition summary  
When comparing wire to powder, the consensus in literature showed that powder fed processes 
were more successful than wire.  However, this issue seems to be unique to lasers. There are a 
large number of non-laser based wire-fed processes. Indeed, for TIG deposition, wire feeding is 
standard.  
Although there has been a significant amount of research into wire fed deposition with lasers at 
the academic level, it seems to be regarded as more of a curiosity than a viable process. 
Toyserkani et al.’s book Laser Cladding, for example devotes only a single short subsection to 
wire deposition, while the rest of the book is devoted to powder feeding.  The primary reason 
for this seems to be that deposition with powder is simply easier to do; the process is less 
sensitive to parameter changes and is therefore more amenable to giving high quality results. 
Direction of 
travel 
(a) (b) 
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A possible reason is found in the results reported by Miranda et al. (Miranda et al. 2008). In this 
work, two primary parameters affecting track quality were identified. The was related to the 
importance of control of wire position vs. laser and substrate position, something corroborated 
by a number of other authors, principally Kim et al., Syed et al. and Mok et al. totalling a 
considerable body of experimental data. There is no reason for doubt here.  
The second parameter was not explicitly noted by the other authors, which was the ratio of 
beam width to wire diameter. This is an interesting concept that would bear more investigation. 
The claims around this parameter are weaker than the first one, since no experimental data or 
references are provided to back up the authors’ assertion. However, other authors such as Kim 
et al. and Syed et al. also used beams that were significantly larger than their wire – 2.5 mm vs. 
0.2 mm in the case of Kim et al. and 1.5 mm vs. 0.6 mm in the case of Syed et al. – although 
without noting the significance of this relation. This shows that deposition with a high beam 
diameter to wire diameter ratio is effective in experimental situations, verifying the claims of 
Miranda et al. 
Little research so far has gone into altering the shape of the wire. With the exception of Fux and 
Luft and Patent EP1454703 B1, as described in Section  2.1.3, no literature was found regarding 
the alteration of wire cross-section. This suggests that either it has never been attempted or that 
it has been successfully attempted by commercial entities and kept secret, with the existence of 
the patent acting as support for this outcome. Either outcome is beneficial since if wire shaping 
has never been investigated then it represents a novel area of research. If it has been 
investigated and kept secret then that would suggest a successful outcome to the wire shaping 
experiments, showing that it is the right direction in which to do. 
 Combined feeding methods tended to be at their most effective when wire was involved. When 
creating functionally graded materials, the use of wire as the main source material with alloying 
materials in powder form carries advantages in material efficiency, mixing behaviour and 
temperature over the use of all-powder systems.  
It is the opinion of the author that the potential benefits of wire in terms of its deposition 
efficiency, lower cost, deposition rate, ease of automation and the greater simplicity of the 
feeding system make the overcoming of the disadvantages worth attempting. Literature 
revealed a potential avenue by which this may be accomplished. 
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2.2 Weld pool metallurgy 
This section contains information on weld pool metallurgy for AISI 316 stainless steel covering 
the formation of grains, phases and weld pool chemistry. 
2.2.1 Grain growth 
In weld solidification, several types of grain growth are present (Easterling 1992). These are 
defined below: 
• Planar epitaxial formation. These are the first grains to form during solidification and 
occur at the base of the weld, the solid-liquid interface, when the temperature gradient 
is still high. 
• Cellular formation. As the temperature gradient decreases, grain formation shifts into a 
cellular mode. Solidified material protrudes from the planar epitaxial base in a long cell, 
parallel to the temperature gradient. This forces still-liquid metal laterally into the 
recesses between protrusions, where it forms a new cell. The original cells are therefore 
less enriched and peter out, leaving the new cells to continue. Long arms of cells 
therefore penetrate from the edge into the centre of the melt pool. They eventually 
come up against cells that have formed in the centre of the pool itself as it cools, which 
ends their extension. 
• Dendritic formation. Dendritic formation is related to cellular formation, but occurs at 
lower temperature gradients. When the gradient reduces far enough, the walls of the 
cells become unstable and secondary and tertiary arms develop.  In welding, dendrites 
therefore tend to form in the centre of the weld track, which is the final region to 
solidify. 
The cooling rate of the melt defines the coarseness of the grain structure. Faster cooling rates 
allow less time for the transverse movement of the rejected liquid metal from the protruding 
grains. This creates a finer structure in faster cooling rate processes such as welds, compared to 
slower cooling processes such as casting.  
2.2.2 Chemistry and phases 
Three major phases are formed by stainless steel (McGuire 2008): 
• Austenite: This has a face-centred cubic (fcc) structure. Since both iron and chromium 
are naturally ferrite-forming, it is necessary to add large amounts of austenite 
promoting elements, such as nickel, to the alloy to make it austenitic. 
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• Ferrite: This has a body-centred cubic (bcc) structure. This is created in stainless steel 
by the chromium content. Iron is naturally ferritic at both high and low solidification 
temperatures, with austenite forming in the middle temperatures. Chromium has the 
effect of stabilising the bcc structure, making it harder for austenite to form. 
• Martensite: This is a modified structure of austenite where it has sheared into a 
distorted hexagonal or cubic structure. It only occurs in alloys which form high 
temperature austenite that becomes unstable at ambient temperatures. This limits it 
to only certain types of stainless steel alloy. 
Certain other microstructures exist as well, such as bainite, cementite and pearlite, but these 
tend to be either combinations of pre-existing phases or iron-compounds. For example, 
cementite is a compound  of  iron  and  carbon  (iron  carbide)  and  pearlite  is  a  layered  
mixture  of  ferrite  and cementite. Bainite is a mixture of martensite and pearlite. 
Iron is naturally ferritic, with the addition of the ferrite promoting Cr exacerbating this. In order 
to form austenite, austenite-promoting elements such as N and C but most notably Ni are added 
in large quantities (around 8 – 11%) (Lippold & Kotecki 2005). 
During solidification from molten of any stainless steel, whether the resulting microstructure is 
fully austenite or a combination of austenite and ferrite is dependent on the specific 
combination of austenite or ferrite promoting elements in the alloy. In an austenitic steel within 
the AISI 300 series, sufficient austenite promoters are present to make the bulk microstructure 
austenitic as it cools. However, segregation of ferrite promoting elements within the melt pool 
can result in local ferrite formation. Normally, this ferrite will transform into austenite, but in 
areas rich in ferrite promoters this transformation is resisted and δ-phase ferrite is formed along 
sub-grain boundaries. When 304 and 316 stainless steels solidify as austenite, ferrite promoters 
are partitioned to the cell and dendrite boundaries, where ferrite is then formed. 
Chromium and nickel are the principle alloying elements for stainless steel (chromium for 
corrosion resistance, nickel for austenite stabilisation), but other elements are also added for 
various purposes, which also have an effect on the phase (Llewellyn & Hudd 1998). Table  2.1 
shows the main elements and what effects they have. Nitrogen is the strongest austenite 
promoter, while aluminium is the strongest ferrite promoter. 
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Table  2.1: Strengths of main austenite and ferrite forming elements 
Austenite formers Ferrite formers 
Element Change in δ-ferrite 
per 1% weight 
Element Change in δ-ferrite 
per 1% weight 
N -200 W +8 
C -180 Si +8 
Ni -10 Mo +11 
Co -6 Cr +15 
Cu -3 V +19 
Mn -1 Al +38 
 
 Stainless steel cooling modes 
The solidification of stainless steel is highly dependent on cooling rate. It is also important to 
identify the primary solidification mode, which is either austenitic or ferrite. For stainless steel 
these combine into five basic modes, which form a continuum (Elmer et al. 1989). These are 
divided into three broad groups; austenitic, duplex and ferritic (Figure  2.6): 
 
Figure  2.6: Phase continuum of stainless steel 
The combination of the mode and the cooling rate determines the microstructure. For example, 
a single-phase  austenite  mode  with  a  low  cooling  rate  will  produce  a  dendritic  
microstructure, whereas the same mode with a high cooling rate will give a cellular 
microstructure. 
Whether a stainless steel forms primary austenite or primary ferrite is determined by the Cr/Ni 
ratio of the material. If the ratio is low, then primary austenite is formed and the ferrite content 
decreases with increased cooling rate. If the ratio is high, then primary ferrite is formed and the 
ferrite content increases with cooling rate (Elmer et al. 1989). 
Single-phase austenite (A) 
Primary austenite with secondary ferrite (AF) 
Eutectic ferrite and austenite (E)  
Primary ferrite with secondary austenite (FA) 
Single-phase ferrite (F) 
More 
austenitic 
More 
ferritic 
Austenitic 
Ferritic 
Eutectic 
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For laser cladding, a primary austenitic phase is to be expected with the presence of δ-ferrite 
around grain boundaries. In addition to the previously mentioned cooling rate and alloying 
element segregation which causes δ-ferrite formation, excessive dilution with the mild steel 
substrate will dilute the austenite promoting elements and cause primary ferrite formation. 
Highly diluted clad tracks will therefore not be austenitic. 
2.3 Lasers as a heat source 
This section discusses lasers in comparison to other heat sources in terms of their basic 
principles of operation and experimental comparisons between them. 
2.3.1 Basic principles 
The laser is just one of a large range of heat sources that are used for metal deposition. 
Deposition systems have been tested using Metal Inert Gas (MIG) welding technology (Hussein 
et al. 2011); Tungsten Inert Gas (TIG) welding technology (Hua et al. 2008; Rangesh & O’Neill 
2011) and plasma deposition (Zhang et al. 2002; Martina et al. 2012).  
Of these, Baufeld et al. (Baufeld et al. 2010) claim that the three most important are laser, TIG 
and electron beam. This claim is contested by Williams et al. (Williams et al. 2015) who express a 
preference for MIG-based processing due to its easier tool path programming (no need to 
account for a separate wire feeder, since the wire and heat source are combined into one). 
The vast bulk of commercial usage appears to consist of TIG, laser and electron beam systems 
however, and these three are chosen for comparison in this section on that basis.  
The use of lasers has both advantages and disadvantages compared to other processes. 
Advantages and disadvantages vs. electron beams 
The power density that lasers are capable of is roughly comparable to that of electron beams, 
and is much higher than other processes (Duley 1999), such as electric arcs. Its main advantage 
over electron beams lies in its ability to operate under atmospheric pressure, not needing a 
vacuum chamber in order to function. Its main disadvantage lies in its dependency on the 
reflectivity of the material; highly reflective materials are difficult for a laser to affect. This can 
be mitigated by altering surface roughness or the addition of optically absorbent surface 
coatings. 
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Advantages and disadvantages vs. TIG-based processes 
Lasers require a much lower heat input than TIG-based processes, which results in a smaller 
Heat Affected Zone (HAZ) and lower dilution (Xu, Muneharu Kutsuna, et al. 2006). The greater 
heat input from arc cladding causes significant stirring in the melt pool (Steen & Mazumder 
2010). Laser equipment is much more expensive than arc-welding equipment, but the high 
production rate and weld quality attainable with laser welding can justify the premium and 
make laser systems economically competitive (Duley 1999). Lasers have superior heat control to 
electric arcs, being more predictable as well as being able to cover smaller, more localised 
geometries (Capello & Previtali 2006).  
TIG-based deposition however, is a well understood and widely used process, with a simple 
internet search turning up a large number of companies offering turnkey TIG cladding machines. 
Notable examples are the “Horizontal & Vertical Cladding System” manufactured by Key Plant 
and the oil and gas industry-dedicated machinery produced by PEC. Given that TIG cladding is so 
commonly used in industry, this would suggest that the superiority often claimed for laser 
processing is not as dramatic as laser proponents like to claim.  
2.3.2 Experimental comparisons between lasers and other heat sources 
In literature, the most common heat source comparison papers found were between TIG-based 
processes and laser-based processes. These are discussed here.  
Experimental comparisons using different source material forms 
Shepeleva et al. (Shepeleva et al. 2000) compared laser powder cladding with plasma wire 
cladding in the repair of turbine blades. The laser-based process was found to be superior, both 
in micro-hardness characteristics due to the smaller grain size achieved and also in the lack of 
pores and micro-cracking at the interface between the clad track and the substrate. A 
comparison between diode laser and TIG cladding was also carried out by Xu et al (Xu, 
Muneharu Kutsuna, et al. 2006) with Co-based alloys on SUS403 stainless steel, using a powder-
fed system for the laser and a wire-fed system for the TIG torch. The laser system resulted in 
lower dilution, a smaller Heat Affected Zone and a greater microhardness value.  
What isn’t clarified in either of these experiments is whether these results were due to the 
difference in heat source or the difference in source material forms. The use of powder as a 
source material gives results that are different to wire feeding, so it is possible that it was a 
combination of both. 
21 | P a g e  
 
Experimental comparisons where identical source material forms were used 
Guojian et al. (Xu, Munaharu Kutsuna, et al. 2006) compared powder-based cladding using a 
plasma heat source vs. a CO2 laser, using Nickel based powder on stainless steel substrate. They 
found that laser cladding was able to produce clad tracks free of thermal cracking at a much 
higher speed than plasma cladding. Laser clad tracks had greater hardness and wear resistance 
than those created with plasma. This result agrees with both Xu et al. and Shepeleva et al, 
showing that the choice of heat source changes the metallurgical properties of the resulting clad 
tracks. 
Work by Brandl et al. (Brandl et al. 2010), working with the Advanced Manufacturing Research 
Centre (AMRC) at Sheffield University, compared laser and TIG-based deposition (called Shaped 
Metal Deposition, or SMD) in wire feeding, using Ti-6Al-4V material. Both processes gave 
material with similar properties and were found to give higher dynamic strength than wrought 
materials, but inferior ductility to cast material. Post heat treating the samples at 843°C for two 
hours was found to increase ductility and heat treating at 600°C for four hours increased 
strength. They also found that properties were different depending on the direction of testing. 
The samples displayed higher ductility and lower strength in the z-axis (the direction of building) 
than in the x-axis (the direction of deposition).  
Further comparisons (Baufeld et al. 2011), gave more detailed metallurgical information for the 
two processes. Laser-based deposition gave differences in material hardness across the layers of 
the deposition, due to smaller grains being present at the top than the bottom, whereas the 
SMD process gave much more uniform microstructure.  
2.3.3 Summary of heat sources 
A number of studies have been carried out comparing TIG to laser deposition. Some of these 
studies are less than reliable in their conclusions. For example Shepeleva et al. and Xu et al. gave 
no consideration to source material type, using a powder source for the laser and a wire source 
for the TIG. Their conclusions of the superiority of the laser process are therefore highly suspect, 
since there is no way of knowing whether this superiority is due to the type of heat source or the 
type of source material. Since Toyserkani (Toyserkani et al. 2005) believed that laser cladding 
with wire was too difficult to be worth bothering with, and that TIG processing with wire is a 
standardised process with a long history, it is a reasonable conclusion that the experimental 
conditions in these comparisons were selected based on whatever was easiest, not on what was 
scientifically rigorous. 
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This becomes more obvious when fair comparisons were carried out using wire materials for 
both heat sources by Brandl et al. and Baufeld et al. In these tests, the results were much less 
conclusive, with the two processes producing similar results. This ties into other purely TIG-
based development, which has shown the capability for TIG welding to create high-quality 
additively manufactured parts. For example recent work by Williams et al.(Williams et al. 2015), 
demonstrated the capability of TIG to create near-net shape large scale components, as well as 
the previously mentioned work carried out by the AMRC.  
A further capability of TIG pointed out by Williams et al. is the fact that the maximum size of 
components created by it is limited only by the reach of the delivery system, potentially allowing 
very large components to be created. Although this is possible with laser based systems, with 
the Direct Metal Deposition (DMD) system being a good example, beam delivery and laser safety 
issues make it more difficult. It is easier to run power cables for a TIG torch than an optical fibre 
for a laser and it is easier to protect bystanders from the ultraviolet light emitted from a TIG 
torch than the concentrated infra-red beam from a rogue laser. 
Taking all of this into account, it seems that lasers do provide advantages over TIG, but that this 
advantage is not as great as is often claimed. Their relative advantages and disadvantages 
explain why lasers are most common in commercial metal additive manufacturing, where their 
ability to tightly focus the heat source allows the creation of smaller and more complex features 
and TIG is much more widely used in large scale additive or cladding applications, where its high 
deposition rate is an advantage and inability to create small structures is not a concern.  
2.4 Laser beam shaping 
This section deals with research into the control of laser deposition by altering the thermal 
profile of the laser beam itself. There have been various methods of achieving this, with 
different effects. 
2.4.1 Why alter the shape of a laser beam? 
The shape of the laser beam controls the heating time that the wire is subjected due to the fact 
that the shape of the beam directly affects the thermal cycle of the material. Since the thermal 
cycle directly affects the microstructural properties of the final material (Duley 1999), any 
inconsistencies in heating will cause non-uniformity throughout the deposited microstructure. 
A TEM00 Gaussian beam is circular in cross-section. When this beam passes over a surface it 
heats different parts of the surface for different lengths of time. The parts heated by the edge 
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are heated for a shorter time than the parts heated by the centre of the beam. If the beam 
cross-section is made square, a uniform heating time across the whole of the width of the wire 
can be produced. This is shown schematically in Figure  2.7. Point 1 is at the edge of the wire and 
Point 2 is at the centre. The different lengths of time that they are illuminated for is represented 
by the dashed lines. 
 
Figure  2.7: Effects of a square, uniform beam spot on overall heat gradient (a) TEM00 beam (b) square pedestal beam.  
In the Gaussian beam, this time alters depending on how close to the centre the point is. Point 2 
is heated for a longer time period than Point 1. With the pedestal beam, both points are heated 
for the same amount of time, giving them the same thermal cycle. The microstructure of the 
deposited metal will therefore be more uniform across the width of the deposition. 
As well as the beam cross-section, there is also the distribution of intensity within the laser 
beam itself. For a TEM00 beam the intensity follows a Gaussian distribution and the majority of 
the heat is concentrated in the centre. This creates a thermal gradient across the width of the 
wire, causing increased flow in the melt pool. This flow then contributes to mixing between clad 
material and substrate and affects the shape of the resulting clad track. The existence of large 
thermal gradients also affects the cooling rate of the clad track, giving a different cooling rate in 
the centre of the clad track than at the outer edge. The centre and the edges of the clad track 
will therefore have different microstructures and different material properties.  
Figure  2.8 shows that the absorbed irradiance at the centre of the wire (distance 1) with a 
Gaussian beam is approximately twice as high as the absorbed irradiance at the edge (distance 
2), neglecting the effects of incidence angle. For the wire with a pedestal beam, it stays constant, 
neglecting the effects of incidence angle. 
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Figure  2.8: Schematic of absorbed irradiance for (a) 1.25 mm Gaussian beam and (b) 1.25 mm pedestal beam types 
If multiple clad tracks are laid next to each other in order to cover a surface, this will then lead to 
‘bands’ of different material properties. 
If the beam cross-section can be controlled in order to reduce or eliminate the thermal gradients 
caused by a TEM00 beam, then clad tracks can be created with more homogeneous 
microstructures where the material properties are constant throughout the clad layer. This is 
illustrated in Figure  2.8 with a flat heat profile. Various methods have been used in order to 
control the cross-sectional profile of a laser beam. These are detailed in the next section. 
2.4.2 Laser processing with shaped thermal profiles 
There has been a significant amount of interest in the shaping of laser beam thermal profiles in 
order to achieve improvements in laser processing results. From literature, this has generally 
been via the use of three beam types.  
First is the “top hat” beam shape. This is a circular beam with a flat beam profile, illustrated in 
Figure  2.9. 
 
Figure  2.9: Schematic of top hat beam profile 
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Another type is the “rolo” or ring shaped beam. A schematic is shown in Figure  2.10. 
 
Figure  2.10: Diagram of 'rolo' laser beam thermal profile 
A common technique for this is the use of axicon lenses; conical lens that can alter a Gaussian 
beam into other shapes, depending on the specifics of the lens itself. These were first proposed 
by McLeod (Mcleod 1954), who demonstrated a number of possible illumination patterns with 
different light sources. In laser applications, they are used to control the polarisation of the laser 
beam, producing a ring shaped spot (Weerasinghe et al. 1989). 
Other investigations have used diode lasers for beam control. These lasers allow a certain 
amount of beam shaping and are capable of creating a rectangular output beam with a flat or 
wedge shaped heat profile.  
Laser processing with top hat and rolo beams 
Work by Wellburn et al. (Wellburn et al. 2014) investigated the use of a ring-shaped rolo beam 
for laser hardening. Altering the ratio between the intensity at the edge of the ring and the 
central fill area gave different qualities of hardening, demonstrating the ability of altered beam 
geometry to improve results in laser hardening. The optimum ratio between the centre and the 
edge was found to depend on processing speed. 
Shang et al (Shang et al. 2014) created a ‘rolo’ shaped beam using a Variable Intensity Profile 
Modulator on a 1.25 kW Nd:YAG laser. This profile was used to affect the metallurgy of a NiCrBSi 
pre-placed powder clad track on CrS. A range of intensity cross-sections were used, with 
differing intensities in the centre of the beam. It was found that altering the thermal profile of 
the beam enabled control of the metallurgical structure of the deposited metal. Putting a larger 
intensity at the edges gave a more uniform cooling rate than using uniform intensity, creating a 
more uniform microstructure throughout the clad track section. 
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Mok et al. (Mok et al. 2008) investigated cladding of Ti-6Al-4V wire onto a substrate of the same 
material using a 2.5 kW diode laser, to investigate the effects of various feed angles and 
directions. In this experiment, the beam was set to be a rectangular 2 x 7 mm “top hat” beam 
profile. High material feed rates were achieved (1 kg/h of titanium) along with data on the 
relationships between parameter settings and clad properties; principally that laser power 
affected clad track width, while traverse rate affected the clad track height. Grains in the 
microstructure tended to be aligned in parallel to the direction of traverse. 
Laser processing with rectangular beams  
Li (Li 2000) produced a review of laser material applications with comparisons between diode, 
CO2 and Nd:YAG lasers. Use of a diode laser gave an increase in heat absorption of a factor of 2.5 
compared to a CO2 laser. No results for differences in beam profile were reported. However, a 
detailed study of the industrial applications of high power diode lasers was conducted by 
Bachmann (Bachmann 2003), which did look at beam profiles. Diode lasers in this study had a 
rectangular footprint, but with a wedge-shaped thermal profile created by having a flat profile in 
one axis and a Gaussian profile in the perpendicular axis. This beam allowed processing speeds 
approximately double that of a TEM00 CO2 laser, giving much greater cost efficiency.  
A rectangular beam diode laser was also used to investigate laser cladding of aluminium onto 
stainless steel with powder feeding by Riveiro et al. (Riveiro et al. 2014). They analysed the diode 
laser-based process from the point of view of cost vs. CO2 and Nd:YAG lasers. Material efficiency 
was the greatest cost driver and the diode laser had the lowest overall costs due to being the 
most material efficient. 
Other beam shaping techniques 
The use of masks to alter the geometry of laser beams was investigated by Safdar et al. (Safdar 
et al. 2006). Experiments were carried out on laser hardening processes with a 1.5 kW diode 
laser. Masks were applied in order to create beams with rectangular, triangular and circular 
cross-sections. The shapes of the beams were found to alter the resultant shapes of the 
hardened zones. Experimental results matched the previous numerical models of the process 
(Safdar et al. 2004). 
Wrage et al. (Wrage et al. 2001) used a spatially structured feedback mirror system to 
successfully alter the beam geometry of a diode-pumped fibre laser. The structured mirror was 
able to significantly increase the mode-selection capabilities of the system over previous mirror 
systems. 
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Hansen et al. (Hansen et al. 2014) experimented with Diffractive Optical Elements (DOE’s) for 
beam control in laser keyhole welding, using single-mode fibre lasers. This is different to, and 
predated by, the work by Kell and Gibson that is described in Section  2.4.3. The use of DOE’s was 
a method of splitting the beam into a number of peaks arranged in a line, which was then 
capable of altering heat input and controlling the shape of the melt pool. This multi-beam 
approach gave reductions in power and improvements in weld width control over a single large 
beam. 
Schenk et al. (Schenk et al. 2014) altered the shape of laser beams by the use of arrays of tiny 
mirrors, controlled with MEMS technology which allowed their individual angles to be adjusted, 
altering individual areas of the laser beam. The technology was capable of creating images out of 
a laser beam, but was limited in laser power to 20 W. This system allowed high-speed laser 
imaging and patterning. This system show similar capabilities to a low power Holographic Optical 
Element. 
2.4.3 Holographic Optical Elements (HOE’s) 
This section contains details of the HOE’s used for experimentation in this investigation, covering 
their basic principles and previous research into their capabilities. 
Overview of HOE principles 
Novel holographic mirrors, Holographic Optical Elements (HOE’s), have been developed (Tyrer & 
Noden 1996), which use a computer generated kinoform to reshape a TEM00 laser beam into any 
desired thermal profile.  Instead of trying to achieve the best possible result with a given laser 
beam, the desired result can be specified first and a HOE designed that creates the specific laser 
beam profile required to achieve it. The HOE optical train, along with images of the optical 
elements themselves, are shown in Figure  2.11. 
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Figure  2.11: (a) Diagram of HOE beam path (b) Photograph of HOE optic (c) High-magnification SEM image of the HOE 
surface (used with permission) 
High-power HOE systems are currently designed to use reflective HOE’s rather than transmissive 
ones, because they can be more easily water cooled for use with high-power lasers. HOE’s 
create the correct beam size at a specified working distance, eliminating the need for focussing 
optics. This capability is shown in Figure  2.12, which displays the spatial precision, intensity 
variation and ability to create different characters with the HOE. 
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Figure  2.12: (a) Schematic of HOE operating principle (b) Resultant complex customised beam (figures used with 
permission) 
 HOE’s optimised for different processes such as laser hardening, welding, or deposition can 
swapped in and out depending on the process; making the laser system analogous to a CNC 
machining system, with the HOE’s likened to machine tooling.  
Burn prints (Kell 2007), along with computer illustrations are shown in Figure  2.13 of the more 
complex beam shapes that HOE’s are capable of. 
(a) 
(b) 
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Figure  2.13: Laser burn prints in Perspex of (a) Gaussian beam profile (b) Pedestal beam profile (c) Rugby posts beam 
profile. Burn prints used with permission (Kell 2007) 
Work has already been completed in the uses of holographic optics for various laser material 
processes. 
Laser welding 
Research by Kell et al. indicated that the shape and internal structure of a laser generated weld 
is highly dependent on the shape of the applied heat profile (Kell et al. 2011). 
The effects of various holographic heat profiles were investigated (Kell 2007). The main profiles 
investigated were the ‘pedestal’, the ‘tuning fork’ and the ‘peak-edged line’. It was found that 
the different heat profiles gave weld sections that had different shapes. Since the rate of 
conduction away from the melt pool was found to be at its highest at the edges of the weld track 
during pedestal welding, the tuning fork and peak edged line modified the pedestal profile by 
placing additional heat concentrations at the edges. This gave welds with much more rectilinear 
cross-sections.  
Use of HOE’s was also found to introduce grain refinements into the weld structure; specifically 
smaller grain sizes and more varied orientations, verified by use of EDS and EBSD grain maps. 
HOE’s reduced the overall level of marangoni flow in the melt pool and gave a more uniform 
thermal cycle. 
Pre-placed powder cladding   
Gibson et al. conducted research on the use of HOE’s into cladding with pre-placed powder. Like 
laser welding, improvements in grain size and orientation were found. It was possible to create a 
(a) (b) (c) 
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more rectilinear bead cross-section with a HOE than with a Gaussian beam (Higginson et al. 
2010).  
Further work has demonstrated the capability to use HOE’s to control the grain growth in 
cladding of pre-placed Inconel 625 powder (Higginson et al. 2012). The addition of pre-heating 
and post-heating sections to the standard HOE shapes gives control over the rates of heating 
and cooling, giving a squarer bead profile and more equiaxed grains.  
Studies by Gibson (Gibson 2012) also showed how the control of heat input was able to affect 
material transport inside the melt pool. Since thermal gradients drive material flow, the ability 
to control one gave the ability to control the other. This is shown in Figure  2.14. 
 
Figure  2.14: 3D and 2D material transport schematics for (a) Guassian beam and (b) rugby-posts beam (Gibson 2012) 
used with permission 
Use of an asymmetric ‘offset rugby posts’ heat profile also demonstrated the ability of HOE’s to 
control grain size inside the clad track. This profile was used to create a clad track with large 
grains on one side and smaller grains on the other, showing graduated control of grain growth 
within a single track (Higginson et al. 2010). 
Figure  2.15a shows the grain orientation, where different colours indicate different orientations. 
The right hand side of the track has a higher number of different orientations than the left hand 
side.  
(a) 
(b) 
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Figure  2.15b shows the grain size, where the left hand side was heated with the larger peak of 
the offset rugby-posts beam shown in Figure  2.15c and therefore underwent a longer cooling 
period, leading to larger grains. By contrast, the right hand side was cooled a lot more quickly 
and has smaller grains. 
 
Figure  2.15: Results showing (a) Electron back-scatter micrograph of grain orientation (b) electron back-scatter 
micrograph of grain size and (c) the offset rugby-posts beam profile used. Used with permission from Higginson et al. 
(Higginson et al. 2010) and Gibson (Gibson 2012) 
2.4.4 Laser beam shaping summary 
Work by various researchers has established that altering the shape of a laser beam can have 
beneficial effects on the properties of the final deposition. Until now, the tools have not existed 
to investigate this more fully. Some success has been met with the use of diode lasers, which can 
give a rectangular beam shape, and with various TEM laser mode changes. 
HOE’s have been found to demonstrate full control of the output beam, both in shape and in 
power distribution. This gives complete control of the process thermal cycle, with resultant 
control of the shape and metallurgical properties of the clad track. The advantages of this have 
been demonstrated in previous research. HOE’s have only been used with reflective optics, not 
with transmissive ones.  
Although there are good reasons for this, making a switch to transmissive HOE’s would allow 
them to be more easily used on higher frequency lasers, such as an Nd:YAG or fibre laser, which 
would give advantages with regard to reduced power input and increased heat absorption. 
 
 
 
(a) 
(b) 
(c) 
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2.5 Laser deposition simulations 
Much research has already gone into the simulation of laser surface treatment. The first heat 
flow predictions were made by Rosenthal for laser welding in the late 1930’s, based on a moving 
point heat source (Goldak et al. 1984). This model was quick and easy to calculate, but with 
certain flaws. The classic Rosenthal model took account of neither metal flow patterns nor phase 
changes, both of which have been shown to have effects on weld pool shape (Nunes Jr 1983).   
Up until around 2004, most work focussed on the laser-material interactions of a Gaussian beam 
(Han & Liou 2004). Simulations tended to focus on incorporating simplified conduction or 
convection models.  Some more comprehensive models were created, such as that created by Ki 
et al. (Ki et al. 2002) for laser keyhole welding. Laser keyhole welding is obviously not laser 
cladding, but the numerical techniques used showed that comprehensive laser surface 
treatment simulations are possible. 
In addition to these, there have been a number of studies to investigate simulations of certain 
specific areas of laser surface treatment in general and deposition in particular. 
2.5.1 Simulations of heat conduction and fluid flow 
Limmaneevichitr and Kou (Limmaneevichitr & Kou 2000) conducted simulations of the effects of 
Marangoni convection on the shape of weld pools, using a defocused CO2 laser beam. They 
found that the vast majority of thermal transport in the melt pool was due to marangoni 
convection and found relationships between Marangoni number, Prandtl number, Peclet 
number and pool shape. They also found that Marangoni convection is strongly dependent on 
surface tension forces. Lasers, unlike electric arcs, do not induce electromagnetic shear stresses 
into the melt pools of steels. These can be strong enough to overcome convective forces and 
alter the melt pool shape.  
A 3D finite elements model was created by Tsirkas et al. (Tsirkas et al. 2003) for simulating laser 
welding of butt joints, taking into account thermal and mechanical aspects, as well as metallurgy. 
Each of these aspects was used to feed into the others, so the temperature field data were used 
as inputs for the mechanical analysis which successfully predicted distortion. In order to keep 
computational time down to a realistic span, a local-global meshing technique was developed, 
with an extremely fine mesh close to the weld line and a coarser mesh for the rest of the 
component. This allows the distortion to be predicted with a large structure (several metres 
wide), while retaining realistic computing times. 
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Work by Costa et al. (Costa et al. 2005) on powder deposition of AISI 420 steel simulated the 
repeated thermal cycles undergone by multi-layered parts, where the heat from the working 
layer is dissipated by conduction through previous layers, thereby putting them through 
additional thermal cycles. This results in alterations of hardness through the layers, with the 
upper portions having a higher hardness with mostly fresh martensite and austenite, while the 
lower areas have tempered martensite. If the process is completed under conditions where heat 
is not allowed to dissipate between layers, such as having a short delay between layering or with 
a small substrate, the less extreme thermal cycles mean that the tempering effect can be 
reduced. 
A numerical study of the mechanics of coaxial powder-fed cladding was created by Qi et al. (Qi 
et al. 2006). Along with numerical modelling of the laser/powder-stream interaction itself, fluid 
velocity and phenomena such as capillary forces at the liquid/gas interface were modelled. The 
level-set method was implemented to track the melt pool surface movement. Maximum melt 
pool velocity was found to be 1.12 m/s with fully developed flow. Numerical results differed 
from experimentation in their predictions of the relationship between powder and melt pool 
dimensions, but correlated in the same way. Work with more focus on the interaction between 
the powder stream and the laser was completed by Han et al. (Han et al. 2004). 
Crespo and Vilar (Crespo & Vilar 2010) created a finite element model for powder-fed laser 
cladding of Ti-6Al-4V alloy. This model combined heat transfer calculations with transformation 
kinetics and microstructure-property relations to create predicted processing maps relating the 
processing parameters with the material properties of the deposition. The simulation allowed 
the cooling rate to be controlled by predicting the required scanning speed and idle time. This 
then allows commonly-reported non-uniformities and their resultant mechanical unreliability to 
be avoided. 
2.5.2 Simulations of deposition shape and dilution 
There has been a considerable amount of simulation of laser material deposition over the years. 
Picasso and Hoadley (Picasso & Hoadley 1994) created a finite element model which took into 
account fluid flow in the melt pool. 
Further computational analysis of melt pool shape and dilution of wire cladding was carried out 
by Kim et al (Kim & Y Peng 2000). This showed the necessity for adaption of laser parameters to 
account for temperature increase over the course of the process. They  also created a 2-
dimensional FEM model of the melt pool created with powder-fed laser cladding, assuming a 3 x 
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3 mm uniform beam profile (Kim & Yun Peng 2000b). Both the width and dilution of the clad 
track were simulated.  
Zhao et al. (Zhao et al. 2003) used ABAQUS to create a simulation of the dilution behaviour of 
laser cladding, building on the work completed by Kim and Peng. They expanded the simulation 
to take account of the third dimension. Strong coincidences were found between simulations 
and experimental results. Other work with ABAQUS was conducted by Cho et al. (Cho et al. 
2004), using it to create a 3D heat transfer model. This was to establish the effects on 
predictions if latent heat, usually neglected for simplicity, is taken into account; latent heat being 
the heat absorbed in the process of phase change from solid to liquid. Including latent heat had 
the effect of lowering peak temperature and reducing the size of the melt pool. This effect was 
larger for a moving laser beam than for a stationary one.  
Toyserkani et al. (Toyserkani et al. 2004) created a finite element model in order to simulate the 
effect of pulse shaping on powder-fed laser cladding. Different sets of parameters were tested 
and strong agreement was found between the experimental and numerical results. A pulse 
frequency of 90 – 100 Hz was recommended. 
Simulations using a shaped heat source were conducted by Tseng et al. (Tseng & Aoh 2013) on a 
pre-placed powder layer, using a variety of laser beam modes including TEM00, TEM01 and TEM33. 
Simulating higher mode beams predicted a progressively more uniform melt pool shape. 
Experimental results verified the numerical predictions. 
2.6 The economics of laser processing 
The 2013 Foresight Report identified a number of weaknesses in the UK’s manufacturing 
performance in several areas, including the fact that expenditure on manufacturing R&D has 
been low, especially with regard to new products (Government Office for Science 2013). It also 
identifies Additive Manufacturing, as being a key technology that will have a profound impact on 
the way that manufacturers make products, becoming an essential tool.  
This agrees with the Royal Academy of Engineering, who hosted a round table discussion on the 
future of Additive Manufacturing in the UK (Royal Academy of Engineering 2013). The global 
Additive Manufacturing market for products and services grew by 29% in 2012 to over $2 billion, 
and this growth is set to continue in the future. The use of Additive Manufacturing for the 
production of final components (as opposed to prototypes and models) also continues to grow. 
Over the last ten years, it has reached 28.3% of the total revenue for Additive Manufacturing 
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worldwide. Both of these documents highlight the need for new advanced manufacturing 
processes, as well as higher quality materials.  
The Technology Strategy Board (Barton et al. 2012) identified the most significant process and 
service technologies for UK high value manufacturing to include Additive Manufacturing, Net 
Shape Manufacturing and robotics and automation. 
The importance of materials is highlighted in the Department of Trade and Industry’s strategy 
report (Wyn Jones 2006), which discusses the importance of materials engineering for all sectors 
of the UK economy, and the importance of advanced materials processing for UK manufacturing. 
An overview by Dutta and Froes (Dutta & Froes 2014) of the additive manufacturing (AM) of 
titanium alloys identified considerable cost savings in their use for aerospace components. An 
example of this is in the replacement of steel seat buckles in the Airbus A380 with additively 
manufactured titanium alloy ones. This gave a 50% saving of 85 g per buckle, giving a total saving 
of 72.5 kg per aircraft, which reduced the cost of fuel by $3 million over the life of the aircraft. 
Use of AM techniques for repair of aerospace components allows rebuild at a cost of 20 – 40% of 
new components. 
2.7 Identification of PhD research opportunity 
Large amounts of information already exist regarding the defined research questions. However, 
there are gaps in the literature that mean a PhD research opportunity exists. 
2.7.1 Research Question 1: Can the use of wire with HOE’s remove the traditional problems 
associated with powder? 
Wire feeding is superior to powder feeding in a number of fundamental ways. The major 
drawbacks of powder lie in its material efficiency, deposition rate, material cost and suitability 
for automated production. The superiority of wire in these areas is inherent to the wire itself, 
which means that the use of wire removes the traditional problems associated with powder 
anyway, regardless of whether HOE’s are used or not. 
The research opportunity here lies in whether the use of HOE’s can remove the traditional 
problems of wire – its sensitivity to process parameters and tendency towards porosity and 
micro-cracking as well as generally higher dilution than powder cladding –  in order to create a 
process that has all of the advantages of wire feeding, but none of the drawbacks. 
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2.7.2 Research Question 2: Can computer models of heat flux distribution be used to control 
fluid flow in the melt pool? 
Computer models have been previously used to investigate various aspects of melt pool shape 
and behaviour in a number of different processes. Computer models can undoubtedly be used 
to predict the shape and material flow conditions for laser cladding. 
The point for further investigation is whether HOE’s can increase the practical utility of the 
computer models. The limitation with existing modelling does not lie in the models themselves, 
but in the fact that limitations in beam shaping technology mean that the effects of more 
complicated beam profiles cannot be empirically tested, however good the models are. 
Since HOE’s possess the ability to create those more complex beam profiles, computer 
modelling is expected to become a much more powerful tool. 
2.7.3 Research Question 3: Does fluid flow control in the melt pool give benefits regarding 
clad track structure? 
Previous research has shown that fluid flow in the melt pool and final track quality are intimately 
related. Fluid flow influences the depth and dilution of the melt pool and therefore the quality of 
the clad track. Experiments with altering beam geometry to produce more uniform profiles have 
also shown improvements in the uniformity and dilution of the clad track.  
Diode lasers are commonly used for laser cladding research for this reason, due to their ability to 
create a uniform rectangular beam. Diffractive optics also exist that are capable of creating 
uniform rectangular beams for Nd:YAG and CO2 lasers as well.  
However, none of these techniques have allowed the full control of fluid flow, since they are 
fixed format techniques which alter the beam into a single shape; they are not capable of 
creating the complex asymmetric profiles required for full optimisation.  
2.7.4 Research Question 4: Can HOE’s be used to create physical depositions with this level 
of control? 
Previous research with HOE’s has shown that beam optimisation with these optics is possible 
and has allowed the control of melt pool size and shape, grain growth and grain orientation in 
laser hardening, welding  and powder-bed deposition applications. 
In this project, investigations will commence into their use for wire-based deposition. 
38 | P a g e  
 
2.7.5 Research Question 5: How does the relationship between wire shape and heat flux 
distribution affect metallurgy? 
Little to no research has been undertaken into the use of wire shaping to control clad track 
metallurgy. If the beam shape can be optimised, then it logically follows that the wire shape can 
also be optimised and the two can work together.  
Existing research suggests that altering wire into a ribbon-like shape can give improvements in 
heat absorption and clad track shape. The relationship between beam shape and wire shape is 
therefore intended to be a major part of this project. 
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3 Experimental procedure 
This chapter details the experimental procedure and analytical techniques used for the 
investigations with details of the materials; cladding equipment and procedures; analysis 
equipment and procedures and optics.  
1.1 Selection of materials 
Mild steel was selected for use as the substrate material, with AISI 316 stainless steel used as the 
clad material. Both are low cost materials and their material properties are well-understood, 
making them ideal for investigations into laser cladding.  
The processing knowledge gained from this research could then be applied to other materials at 
a later date. 
3.1.1 Mild steel substrates 
Pre-placed clad tracks were created on substrates made from 0.8 mm thick mild steel sheet. 
Later wire-fed experiments were conducted using 2 mm thick substrates. The 0.8 mm mild steel 
had the composition given in Table  3.1 and the 2 mm mild steel had the composition given in 
Table  3.2. 
Table  3.1: Alloy composition of 0.8 mm mild steel (weight %) 
Element Mn C Cr Cu S P Ni Fe 
% weight 0.791 0.154 0.079 0.045 0.018 0.017 0.017 balance 
 
Table  3.2: Alloy composition of 2 mm mild steel (weight %) 
Element Mn C P S Si Al Fe 
% weight 0.359 0.054 0.014 0.012 0.006 0.0058 balance 
 
The substrate plates were cut into individual sections (coupons) to allow multiple depositions 
per plate while eliminating heat conduction between them, in a similar way to previous 
deposition work by Higginson et al (Higginson et al. 2010). 
Figure  3.1 and Figure  3.2 show the substrate sample plates with coupons cut out. Each coupon 
was attached by single 1 mm wide tabs at each end. Figure  3.3 shows the mild steel pipe used 
for pipe cladding experiments. These were 80 mm in length; with 54 mm diameter and a wall 
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thickness of 2 mm. Slits were added at one end in order to prevent thermal expansion from 
causing the jaws of the rotational CNC chuck to lose their grip. 
 
Figure  3.1: 0.8 mm thick substrate with twelve individual sample coupons cut out. 
 
Figure  3.2: 2 mm thick substrate with individual sample coupons cut out 
 
Figure  3.3: 54 mm diameter mild steel pipe 
Prior to deposition, the substrates were cleaned with acetone to remove any remaining dirt or 
grease. In the case of the pipes, where significant corrosion was present, a bead blasting step 
was added, prior to cleaning. This is described in Section  3.3.3. 
45 mm 
45 mm 
45 mm 
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3.1.2 Stainless steel wire 
The deposition material chosen was 1 mm diameter AISI 316 stainless steel wire. The wire used 
had the composition given in Table  3.3. 
Table  3.3: Alloy composition of AISI 316 stainless steel (weight %) 
Element Cr Ni Mo Mn Si Cu P C S Fe 
% weight 18.26 12.09 2.53 1.61 0.42 0.12 0.02 0.11 0.01 balance 
3.2 Pre-placed wire cladding procedures 
This section describes the equipment and procedures for pre-placed wire cladding. Pre-placed 
wire cladding was used in order to match the experimental procedures to the computer models 
as closely as possible, since it was not possible to simulate wire feeding. This allowed the 
experimental results and the simulations to be compared directly. 
3.2.1 Laser equipment 
Pre-placed wire experiments were carried out on a circularly polarised Coherent Everlase S48 
1.2kW CO2 laser, combined with a 2-axis Anorad CNC system. A continuous wave beam was used 
throughout, as the laser was not capable of a controlled pulsed output. 
The CO2 laser utilised both conventional TEM00 beams and HOE-generated beams. The two 
optical pathways used are shown in Figure  3.4. In the conventional refractive head, water-cooled 
gold-coated mirrors were used to direct the beam perpendicularly to the substrate. A zinc 
selenide (ZnSe) focussing lens with a focal length of 63.5 mm then focussed the beam. In order 
to achieve the specified beam sizes, the lens was moved away from the substrate to defocus the 
beam. 
The HOE’s used for experiments were self-focussing so only required the substrate to be set at 
the correct working distance. For the system shown in Figure  3.4b, this distance was 500 mm. 
Measurements using a water-cooled power meter established the efficiency of the refractive 
Gaussian head at 89%, and the efficiency of the custom holographic head at 70%. This was 
factored into the experimental results in Chapters  5 and  6, so the power levels reported there 
refer to the power applied to the work piece, not the power as measured by the laser’s internal 
power meter. The different optical setups for the two beams were therefore accounted for. 
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Figure  3.4: Optical pathways for (a) Gaussian head and (b) HOE head 
It was not possible to fit HOE’s to the Nd:YAG laser, so experiments with this laser used a 
refractive head  similar to that shown in Figure  3.4.  
3.2.2 Laser beam irradiance distributions 
Several comparisons between different beam types were tested. To investigate the effects of 
different heat profiles on standard circular-section wire, three thermal profiles were used; a 1.25 
mm diameter TEM00 beam, a 3.5 mm diameter TEM00 diameter beam and a 1.25 mm square 
“pedestal” HOE-generated beam. These beam profiles are shown in Figure  3.5. 
 
Figure  3.5: Beam profiles for (a) 1.25 mm diameter TEM00 Gaussian beam, (b) 3.5 mm diameter TEM00 Gaussian beam 
and (c) pedestal diffractive beam 
A fourth pedestal beam profile was used for shaped wire, identical to Figure  3.5(c) but with 
dimensions of 2 x 2 mm.  All pre-placed experiments utilised a traverse rate of 1.6 mm/s, with an 
initial start delay of 4 s. 
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These beams were characterised using a combination of prints on laser burn paper and marked 
profiles into transparent Perspex blocks. Neither method was as precise as the use of a beam 
profiler, but they allowed an estimate of beam size. 
3.2.3 Wire mounting 
The use of pre-placed wire made the experimental process analogous to the computer 
simulations, since at this time it was not possible to simulate the wire feeding process. A similar 
method was used by Cheng et al. (Cheng et al. 2004) to clad NiTi wire onto AISI 316 stainless 
steel substrate. 
A mounting jig was constructed from 5 mm thick aluminium plate. This was designed to clamp 
wire down onto the mild steel sample plates from Section  1.1. Grooves were machined into the 
jig in order to locate the wire and minimise variation in experimental conditions. To isolate the 
sample plate as much as possible from its surroundings, an insulation brick was used as a base. 
The complete assembly is shown in Figure  3.6. 
 
Figure  3.6: Sample mounting jig 
The jig was located on the CNC table using a pair of nubs, which aligned with holes in the lower 
plate of the jig without the jig itself being secured in place. This ensured that any collision 
between the jig and the laser head would simply knock the jig out place, rather than damage the 
laser head. 
To locate the beam over the wire, laser burn paper was placed beneath the wire. Because the 
beam was set to be slightly bigger than the wire, the edges of the beam would create burn prints 
on the paper either side of the wire and symmetry of these burn prints determined whether the 
beam was accurately directed.  
45 mm 
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3.2.4 Wire shaping 
To create the shaped wire, the following procedure was used: 
• The wire was annealed in a Carbolite furnace at 900°C for one hour, to relieve residual 
stresses left over from the original manufacturing and coiling of the wire. 
• The annealing process resulted in a thick coating of oxide on the surface of the wire. This 
was removed by immersion in an 11% solution of sulphuric acid held at 58°C for 30 
minutes and then mechanically cleaned off in an ultrasonic bath. 
• The annealed wire was passed through a Durston D2-130 manual rolling mill, to create a 
flattened cross-section. 
This process resulted in the wire cross-sectional profile shown in Figure  3.7. The wire was 
flattened to a cross-section 2 mm wide by 0.3 mm thick, giving a width/height ratio of 6.7:1. 
 
Figure  3.7: Optical micrograph of shaped wire cross-section etched with Kalling’s No.2 reagent 
3.3 Wire fed laser cladding procedures 
This section describes the equipment and procedures for wire-fed laser cladding, including 
feeder design and modifications to previously-described laser equipment and experimental 
procedures. 
3.3.1 Wire feeder design 
After completion of experiments using pre-placed wire, experiments were carried out in order to 
adapt the results from the pre-placed cladding for wire feeding. A pre-existing wire feed drive 
unit consisting of the stepper motor system and its encoders was mated with a new-build 
remote control system. This incorporated an Arduino Uno-based control system using software 
developed in-house by the Electronics Workshop; with a LCD user interface used to program the 
(b) 
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wire feed parameters.  Further details of the coding are given in Appendix D – Wire feeder 
design. This had to be activated manually at the same time as the laser system.  
For wire feeding, the wire feeder was mounted to a modified laser nozzle. Initial testing was 
carried out using the CO2 system. A schematic of this is shown in Figure  3.8.  
 
Figure  3.8: Schematic of wire feed system 
The adjustability of the system was maximised by making both the feed system and the feed 
nozzle adjustable, along with using a flexible hose to connect them. 
A photograph of this system attached to the HOE heat of the CO2 laser is shown in Figure  3.9. 
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Figure  3.9: Wire feeder in place on the HOE head 
Figure  3.10 shows the driver unit and the remote control interface system used to operate it. 
 
Figure  3.10: (a) wire feeder driver unit (b) user control interface 
The wire feeder allowed selection of wire feed rate, starting delay, total feed length and feed 
time, ramp up and ramp down times and the ability to retract the wire after the deposition 
process was complete. The feeding system also allowed for manual feed and retraction in order 
to accurately place the wire prior to the commencement of the deposition process. 
(b) (a) 
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For standard wire, a standard MIG extrusion nozzle was used. In order to allow for shaped wire 
feeding, a separate nozzle was modified with a slitted mask positioned directly in front of the 
nozzle exit. The modified nozzle assembly is shown in Figure  3.11: 
 
Figure  3.11: Modified wire feeding nozzle 
3.3.2 Laser equipment 
Wire fed experiments were conducted using a circularly polarised Lumonics Laserdyne system 
equipped with a JK700 Series Nd:YAG laser with 550W average power. Laser burn prints were 
used to estimate beam size and power distribution in the same way as with the CO2 laser. 
The laser used a 3-axis translational Anorad CNC system. For rotary experiments, a fourth axis 
was used. This was an Aerotech rotating stage coupled to an Ensemble controller and 
programmed via a PC using Aerotech Motion Composer software. The laser settings used are 
given in Table  3.4. These gave a pulse overlap of 3.38 mm, equating to 96.6%. 
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Table  3.4: Nd:YAG single layer clad track settings for round and flat wire feeding 
 1 mm diameter round wire 1.9 x 0.3 mm flat wire 
Start delay (s) 20 20 
Traverse rate (mm/min) 55 55 
Beam diameter (mm) 3.5  3.5 
Frequency (Hz) 75 75 
Pulse length (ms) 6 6 
Pulse Energy (J) 3.63 3.63 
Average Power (W) 274 274 
Wire feed delay (s) 17 18 
Wire feed rate (mm/s) 1.85 3.10 
 
 
Experimental wire feeding work was conducted using the Nd:YAG laser system described in 
Section  3.2.1. An image of the system is given in Figure  3.12. 
 
Figure  3.12: Nd:YAG wire feed setup 
A close-up of the feeding nozzle assembly is shown in Figure  3.13: 
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Figure  3.13: Nd:YAG wire feed nozzle 
There were advantages to the Nd:YAG system, principally regarding the greater absorptivity of 
steel at the 1.06 µm wavelength, which are described in detail in Section 4.1. This made it 
possible to switch from using 0.8 mm to 2 mm thick substrates. This was done primarily to 
eliminate thermal distortion caused by multi-layering.  
The system was integrated with a higher precision CNC system than the CO2 laser and an axially 
mounted camera with a cross-hair and external TV screen made the beam position much more 
precise. 
3.3.3 Pipe cladding procedures 
Due to their long period in storage, the pipes exhibited considerable surface corrosion, so they 
were cleaned via bead blasting. Figure  3.14 shows the before and after conditions of this process. 
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Figure  3.14: Pipe lengths used for cladding (a) before cleaning (b) after cleaning 
The pipes were mounted to the rotary CNC as shown in Figure  3.15. 
 
Figure  3.15: Pipe attached to rotary stage underneath wire feeder on Nd:YAG laser system 
(a) (b) 
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3.4 Characterisation techniques 
This section provides a brief overview of the techniques used to characterise the clad tracks, 
covering optical and electron microscopy. 
3.4.1 Optical microscopy 
This section describes the techniques used for optical microscopy, including the techniques used 
for sample preparation, the etchants used and the relationships between etchants and 
illumination techniques. 
Polishing technique 
Clad samples were sectioned, mounted in conductive Bakelite using a mounting press, ground 
on a series of progressively smoother grinding papers, finishing at 1200 grit, and then polished 
to a surface finish of 1 µm using a diamond suspension solution. 
Etchants and etching 
Etchants used for clad characterisation were Kalling’s No.2 reagent and Schaftmeister’s reagent. 
Any characterisation for mild steel used 2% Nital reagent. Kalling’s No.2 is a general stainless 
steel etchant that primarily attacks δ-ferrite. Schaftmeister’s reveals grain boundaries in 
stainless steel while 2% Nital does the same with mild steel.  
These had the constituents given in Table  3.5, Table  3.6 and Table  3.7: 
Table  3.5: Constituents of Kalling's No. 2 reagent 
 
Table  3.6: Constituents of Schaftmeister's reagent 
 
Table  3.7: Constituents of 2% Nital reagent 
 
Ethanol Hydrochloric Acid Copper II Chloride 
100 ml 100 ml 5 g 
Water Hydrochloric Acid Nitric Acid 
50 ml 50 ml  5 ml 
 
Industrial Methylated Spirits Nitric Acid 
98 ml 2 ml 
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The etching of metals is an inexact science. The major factors in etching are the constituents of 
the reagent itself and the characteristics of the metal in question; such as grain sizes, phases 
present, proportions and types of alloying elements, their distribution in the metal etc.  
Other factors include how the etch is applied (whether by swabbing or full immersion), whether 
the sample is disturbed during immersion, the temperature at which etching takes place, how 
long it takes place for and the presence of an electric current. This created slight variations 
between samples, accounting for differences in their individual metallurgy. 
Another factor to take into account was the fact that the samples were created using two 
materials; the mild steel substrate and stainless steel wire. These materials were treated 
differently by the etching reagents, so care had to be taken as to which etch was used for which 
purpose. For example, Kalling’s No.2 is highly regarded as a general etch because although it is 
primarily designed for stainless steel, it is also capable of a controlled etch on mild steel. Kalling’s 
No.2 could therefore be used to gather a certain amount of data on the metallurgy of the mild 
steel substrate as well as for the stainless steel clad material. Figure  3.16 shows a clad track 
etched with Kalling’s No.2, where this was possible. This allowed the extent of the heat affected 
zone in the substrate to be traced without re-polishing and re-etching. This extent is shown by 
the dashed lines. 
 
Figure  3.16: Optical micrograph showing highly penetrated clad track, etched with Kalling's No.2 reagent. This etch 
can reveal data about both materials involved 
Heat Affected Zone 
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Schaftmeister’s reagent on the other hand, which is used to etch grain boundaries on stainless 
steel, is easily controlled on that material but strongly attacks mild steel to the point where no 
information can be gained from it. Figure  3.17 shows a clad track etched with Schaftmeister’s 
reagent. The clad track itself is well etched and highly reflective, but the substrate has been 
over-attacked until it is almost black and impossible to characterise. 
 
Figure  3.17: Schaftmeister's etched clad track micrograph showing correctly etched track and over-etched substrate 
Figure  3.18 shows the same high-dilution sample from Figure  3.16, with micrographs etched 
with Kalling’s No.2, Schaftmeister’s and 2% Nital side-by-side. Kalling’s No.2 gives a general etch 
of the entire sample; whereas Schaftmeister’s allows a more detailed, higher contrast study of 
the clad track, at the expense of over-etching the substrate. 2% Nital does the opposite, 
revealing substrate grain boundaries but barely touching the clad track. 
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Figure  3.18: Optical micrographs of high-dilution clad track etched with (a) Kalling's No.2 reagent, (b) Schaftmeister's 
reagent, (c) 2% Nital reagent 
Optical analysis 
Optical micrographs were taken using a a Nikon Optiphot microscope with a QImaging 
Micropublisher camera, controlled with Image-Pro Premier 9.1 imaging software. Pipe sections 
were imaged using a Nikon Eclipse MA200 inverted optical microscope with a Nikon DS-Fi2 
camera and Nikon NIS Elements Basic Research software. 
Three types of illumination were used: 
• Bright Field (BF) illumination, where the sample is illuminated directly.  
• Dark Field (DF) illumination, where direct illumination of the sample is blocked so only 
light scattered by the sample is picked up by the objective lens.  
• Diffractive Interference Contrast (DIC), which illuminates the sample with polarised light 
and then uses phase interference to give illumination in the z-axis direction.  
Different illumination techniques had different purposes. For example, BF illumination is very 
useful for general imaging; capable of rapid imaging and a reasonable degree of detail. It was 
primarily used for clad track measurements; width, height, penetration etc. 
(a) (b) 
(c) 
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Dark field and DIC illumination were used for imaging grain boundaries and heavily etched areas 
respectively. These illumination techniques could be selectively combined with specific etchants 
to enhance data collection. 
Selectively combining etchants and illumination techniques 
For a general micrograph, Kalling’s No.2 and BF illumination was a natural pair. Kalling’s No.2 is 
an effective general etch, and the information it gives is easily seen with BF illumination. The 
Kalling’s and BF pairing is also useful for seeing inter-granular δ-ferrite at high magnifications, 
which the use of DIC illumination would make indistinguishable from any other feature present. 
This difference is shown in Figure  3.19. 
 
Figure  3.19: Kalling’s No.2 optical micrographs of stainless steel showing the difference in δ-ferrite visibility when 
illuminated using (a) BF, where δ-ferrite shadows are clearly visible and (b) DIC, where the δ-ferrite is lost among the 
rest of the z-axis data. 
DIC and DF illumination are very useful when paired with grain boundary etches such as 2% Nital 
and Schaftmeister’s; DIC at high magnifications and DF at medium to low magnifications. DF 
illumination gives high contrast lighting at edges, which are provided at the grain boundary by 
the etchant; therefore highlighting the grain boundaries. DIC gives 3-dimensional imaging which 
allows a much greater level of grain detail to be seen at high magnifications. At these 
magnifications DF will highlight grain boundaries, but will not show them in any great detail, 
whereas DIC illumination will place less emphasis on grain boundaries but will reveal other 
details. This difference is shown with a mild steel sample in Figure  3.20. 
(a) (b) 
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Figure  3.20: Mild steel sample etched with 2% Nital illuminated with (a) BF, (b) DF and (c) DIC illumination 
3.4.2 Electron Back-Scatter Diffraction (EBSD) 
EBSD is an electron microscope technique that uses back-scattered electrons to measure the 
properties of crystalline materials. An electron beam is focussed on the sample at an incidence 
angle of 70°. When the electron beam interacts with a crystal lattice, back-scattered electrons 
are channelled along specific paths that cause constructive and destructive interference. A 
phosphor detector attached to a CCD camera is used to detect these diffraction patterns, known 
as Kikuchi bands) which form based on the orientation angle of the crystal lattice at the point in 
question. Computer software then analyses these bands in order to ascertain the phase and 
orientation angle of the area under the beam. Individual pixels can then be tessellated to form 
an EBSD map of a larger area. 
The presence of scratches or surface contamination on the sample causes “mis-indexing” where 
no data can be found. Samples therefore have to be highly polished. 
 
(b) (a) 
(c) 
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EBSD is used for a variety of analyses:  
• Grain size analysis uses changes in crystallographic orientation between adjacent pixels 
to recognise the boundaries between individual grains in a map. Grains can then be 
coloured according to their size in order to produce a useful visual representation of 
grain sizes. Types of grain boundaries, such as twins or sub-grain boundaries can be 
excluded at will in order to focus on specific types of microstructure.  
• Grain orientations can be measured using various colouring schemes which colour the 
grains according to their orientation angle. The most common of are Euler colour and 
Inverse Pole Figure (IPF) maps. It is also possible to select a grain of interest, define its 
angle as “zero” and colour all other grains relative to it. This is called a Texture 
Component (TC) map. 
• Phases present in the sample can be categorised and measured. Colours can then be 
assigned to these phases to visually show their positions in the sample.  Care has to be 
taken with this however, since the phases are detected based on a list of possibilities 
defined by the user in advance so knowledge of the expected phases is required for this 
be accurate. 
In this study IPF maps were used to image grain sizes and orientations, with phase maps used to 
image the two main crystal arrangements: Face Centred Cubic (FCC) for the austenitic stainless 
steel and Body Centred Cubic (BCC) for the ferritic mild steel. 
Samples were sectioned and mounted with the method described in Section  3.4.1, and were 
then further polished using colloidal silica down to 0.02 - 0.06 µm. They were then rinsed and 
cleaned with methanol, with final cleaning being completed using an ozone cleaner. 
EBSD maps were then created using a LEO 1530VP Gemini FEG-SEM fitted with a NordlysNano 
EBSD detector and AZTec software. 
3.4.3 Energy-dispersive X-ray Spectroscopy (EDS) 
This SEM technique is used for chemical characterisation of samples and often occurs in 
conjunction with EBSD.   
When samples are bombarded with a focussed beam of electrons, they emit X-rays. The 
spectrum emitted at the point under consideration can be analysed in order to obtain an 
analysis of the chemical makeup of the sample at that point. This process uses an Energy-
Dispersive Spectrometer. This detector gives output pulses with heights that correspond to X-ray 
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photon energy. The photon energies (measured in electron volts) correspond to electron shell 
energy levels within the atoms present in the sample. These X-rays are emitted as electrons are 
excited by the electron beam and move between electron shells. The system counts the number 
of signals emitted at given energy levels. These peaks correspond to individual elements, 
allowing the chemical analysis of the sample. 
The process requires a well-polished sample, but not to the level of EBSD. This means that a 
sample prepared for EBSD is already prepared for EDS and allows the two to be conducted 
contemporaneously. Most modern SEM software is equipped to allow this. 
3.5 Quantitative optical clad track characterisation 
Optical microscopy was used to measure certain clad track characteristics. These characteristics 
are defined here. 
3.5.1 Measurement of dilution 
Dilution is defined as the mixing between the clad layer and the substrate when the two fuse. 
A certain amount is necessary for the clad layer to properly adhere to the substrate, but beyond 
this it is generally seen as undesirable, being considered contamination of the clad layer that 
degrades its mechanical, physical and chemical properties (Steen & Mazumder 2010).  There are 
several methods of measuring dilution; either by comparison of penetration depth vs. overall 
clad height, comparison of diluted cross-sectional area vs. total cross-sectional area, or by a 
comparison of the chemistry of the resultant clad track vs. the parent materials. 
Dilution is measured by comparing the diluted cross sectional area (Ad) with the total c.s.a. (At).  
Finding the ratio of the two gives a measure of dilution, according to the following expression: 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (%) =  𝐴𝐴𝑑𝑑
𝐴𝐴𝑡𝑡
𝑥𝑥100 
Schematics of the two areas are shown in Figure  3.21: 
 
Figure  3.21: Schematic showing (a) diluted cross-sectional area (Ad) and (b) total cross-sectional area (At) 
(a) 
(a) 
 
(b) 
Area Ad 
Area At 
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3.5.2 Measurement of profile 
Surface tension forces in the melt pool mean that the liquid metal always forms a dome-shaped 
cross-section; a shape that minimises its surface area (Manko 2001). This results in a surface 
tension force. With uniform surface tension and no other factors, the  clad profile would be a 
perfect semi-circle. Additional factors such as gravity; interfacial tensions between the melt pool 
and the substrate; the fact that the surface tension itself is rendered non-uniform by the 
applied heat gradient and resultant marangoni flow as well as differences in viscosity mean that 
the actual clad track shape is non-circular. One of the objectives of using a pedestal HOE was to 
control the thermal gradient effects in order to reduce the roundness of the dome and make 
the clad track as flat as possible.  
Clad profile is measured by comparing the ratio of the width of the clad (w) to the height 
above the surface (h). This is illustrated in Figure  3.22. 
 
Figure  3.22: Schematic of clad widths and height measurements 
The larger the profile, the flatter the clad track; so if profile equals 2 then the track has a semi-
circular cross-section, whereas a profile equal to 4 would indicate a flat track with a width four 
times greater than its height.  
3.5.3 Measurement of wetting angle 
Wetting angle is defined as the external angle between the clad track surface and the substrate 
surface and gives a measure of the success of clad track creation.  
A wetting angle of less than 90° indicates that the wire has adhered to the substrate, but has not 
formed a melt pool, whereas a wetting angle greater than 90° indicates that fusion between the 
two materials has occurred.  
h 
 
w 
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A wetting angle equal to 90° would indicate a clad track that is a semi-circle in cross-section, so 
wetting angle can also be used in conjunction with clad profile to give a measure of the flatness 
of a clad track. 
Figure  3.23, illustrates the relationship between wetting angle, bonding quality and clad track 
shape. 
 
Figure  3.23: Schematic of wetting angles (a) acute wetting angle giving poor clad track (b) obtuse wetting angle giving 
successful clad track 
  
 
 
(a) 
(a) 
 
(b) 
  
θ 
θ 
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4 Modelling and simulation 
Theoretical models were a useful tool for predicting the expected effects of beam profile and 
wire cross-section alterations. The objective was to develop the ability to simulate laser cladding 
with different beam shapes with the objective of ultimately being able to iterate in the computer 
and predict an optimal beam profile for any given application, without the need for extensive 
and expensive experiments creating new HOE’s with every iteration. 
Modelling was divided into three broad sections: 
• Top surface heat flow predictions were used to evaluate the effects of wire surface 
geometry on its optical absorption of different laser beam profiles. 
• Heat conduction simulations were created that did not consider phase change. These 
evaluated the effects of different laser beam profiles on the conduction of heat through 
the wire into the substrate. They also evaluated the conduction difference between 
round and flat wire. 
• Melt pool simulations were carried out on flat wire with different beam  and wire 
geometries to evaluate the effects of heat input on fluid flow and dilution in the melt 
pool, and the ramifications of this on the final clad track structure.  
4.1 Wire reflectivity analysis 
Since the wire has a curved top surface, it is possible that changes in incidence angle and 
reflectivity across its width could affect the heat absorption. In this section, the heat input 
profiles used for experimentation were input into a theoretical reflectivity model, to assess the 
effect of wire shape on heat absorption. These reflectivity calculations were conducted 
assuming that the wire was held horizontally, in the same manner in which it was processed for 
experiments. This assumption can be modified to take account of wire feed angle. 
The optical reflectivity of any given metal is determined by the interaction of three factors: 
• The reflectivity of the metal itself. This is governed by its electrical conductivity, meaning 
that the most conductive metals are also the best reflectors (Hecht 2002). Since 
electrical conductivity is also a function of temperature, the temperature of the metal 
also affects the reflectivity; reflectivity decreases with increased temperature. 
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• The wavelength of the incident light. Generally, the longer the wavelength the higher 
the reflectivity of the metal. This means that the reflectivity from a 1 µm Nd:YAG laser 
will be lower than that from a 10.6 µm CO2. 
• The angle of incidence. Incidence angle is related to reflectivity by use of Fresnel 
relations. This is also highly dependent on the polarity of the light in question.  
Ignoring temperature dependence, these factors are governed by the refractive index of the 
metal in question. This is a complex number, in the form: 
𝑚𝑚 = 𝐷𝐷 − 𝑗𝑗𝑗𝑗  (4.1) 
where m is the complex index of refraction, the real part n is the refractive index and the 
imaginary part k indicates the absorption at a given wavelength (known as the Absorption Index 
or Damping Constant). 
Both n and k values are dependent on the type of metal being evaluated and the wavelength of 
light being used. Since a CO2 laser was used for experimentation, reflectivity data for this 
wavelength (10.6 µm) was used. 
4.1.1 Reflectivity properties of stainless steel 
Reflectivity of steel is highly dependent on phase, but changes very little for different grades of 
steel within a given phase, i.e. AISI 304 stainless steel and AISI 316 stainless steel are different 
grades, but are both austenitic so their n and k values are virtually identical. This means that 
although calculations are presented using AISI 304, the results are still valid for AISI 316, which 
was used for the physical experiments (Karlsson & Ribbing 1982). 
Work by Boyden and Zhang (Boyden & Zhang 2006) gave the n and k values for AISI 304 at a 
wide range of wavelengths. These data were interpolated to get approximate n and k values at λ 
= 10.6 µm (corresponding to the CO2 laser used for experiments) and λ = 1.06 µm (corresponding 
to the Nd:YAG laser used for experiments). These are given  in Table  4.1. 
Table  4.1: n and k values for AISI 304 stainless steel at 10.6 µm and 1.06 µm wavelengths 
AISI 304 stainless steel  n-value k-value 
λ = 10.6 µm 20.4 21.5 
λ = 1.06 µm 4.48 7.47 
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The values for 1.06 µm are considerably reduced compared to those for 10.6 µm. This indicates 
that stainless steel is less reflective at 1.06 µm than at 10.6 µm. Fresnel relations given in 
Equations 4.2, 4.3 and 4.4 show that reflectivity is a function of the squares of n and k as well as 
the cosine of the incidence angle. It would therefore be expected that the difference in 
reflectivity at the two wavelengths would be at a maximum when the beam is normal to the 
surface and then reduce as the incidence angle increases. 
Fresnel relations are used to calculate reflectivity, taking into account both the wavelength of 
the laser beam (via n and k values) and the incidence (θi) and refraction (θr) angle. In metals, 
because the values for n and k are relatively large, these two angles can be assumed to be the 
same, and the Fresnel equations simplify to (Modest 2001): 
Parallel-polarised light: 
 
 
𝜌𝜌∥ = (𝐷𝐷 cos𝜃𝜃 − 1)2 + (𝑗𝑗 cos𝜃𝜃)2(𝐷𝐷 cos𝜃𝜃 + 1)2 + (𝑗𝑗 cos𝜃𝜃)2 (4.2) 
Perpendicular-polarised light: 
 
 
𝜌𝜌⊥ = (𝐷𝐷−cos𝜃𝜃)2 + 𝑗𝑗2(𝐷𝐷 + cos𝜃𝜃)2 + 𝑗𝑗2 (4.3) 
Circular-polarised light can then be described with the following: 
𝜌𝜌 = 𝜌𝜌∥+𝜌𝜌⊥
2
  (4.4) 
The reflectivity of stainless steel with respect to incidence angle under 10.6 µm illumination is 
given in Figure  4.1. 
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Figure  4.1: Graph of Reflectivity vs. Incidence angle for stainless steel illuminated with a 10.6 µm laser beam 
Minimum reflectivity is at an incidence angle of 85°, where it drops to 0.35. This means that the 
theoretical absorption at this angle is around 65%. This pattern is consistent with previous 
results acquired with other metals such as platinum at λ = 2 µm (Modest 2001). 
4.1.2 Evaluation of pre-melt round wire 
Standard stainless steel wire has a circular cross-section, so if the wire and laser beam are kept 
fixed, the incidence angle will still change across its width. As the transverse distance from the 
centre line increases, the angle of incidence increases as well; resulting in changes in absorptivity. 
This is illustrated in Figure  4.2. 
 
Figure  4.2: Schematic of changes in laser beam incidence angle with position on wire width 
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Calculation of incidence angles across the width of the wire 
To evaluate the change in incidence angle across the width of the wire, the wire was divided into 
four quadrants (numbered in bold in Figure  4.2). Quadrants 3 and 4 could be ignored because 
they are not illuminated by the laser light. Quadrants 1 and 2 are symmetrical, so Quadrant 2 
was ignored and only Quadrant 1 was considered, since its results could be mirrored in the y-axis 
to account for the whole width of the wire.  
The mathematical expression for a circle is (where r is the radius of the circle): 
𝑥𝑥2 + 𝑦𝑦2 = 𝑟𝑟2  (4.5) 
This section was then divided up into twenty sections, with twenty-one points selected in the x-
axis. These values were then used to calculate the corresponding values on the y-axis.  
To find the gradient of tangent lines at points in the circle implicit differentiation is used, which 
gives the gradient of the tangents as a function of both x and y: 
𝑦𝑦′ = − 𝑥𝑥
𝑦𝑦
  (4.6) 
Gradients can be converted to incidence angles with the following expression: 
𝜃𝜃 = tan−1 𝑦𝑦′  (4.7) 
This revealed the relationship between transverse distance and  incidence angle shown in 
Figure  4.3. 
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Figure  4.3: Graph of angle of incidence of the laser beam vs. distance from the centre of the wire in the x-axis 
In a circular wire the incidence angle and transverse distance from the centre are linearly 
proportional for the majority of the transverse distance. There is a rapid change in incidence 
angle between 0.4 and 0.5 mm from the centre, where the incidence angle increases from 
approximately 50° to 90°.  
Use of Fresnel relations to calculate reflectivity across the width of the wire 
Figure  4.4, shows the reflectivity profile of round wire as a function of the transverse distance 
from the centre. Following the proportionality relationship shown in Figure  4.3, the reflectivity 
curve between 0.0 and 0.4 mm in Figure  4.4 follows the same pattern as the 0 - 50° range in 
Figure  4.1. The reflectivity profile from 50 - 90° in Figure  4.1 is then compressed into the 0.4 – 
0.5 mm range from Figure  4.3. The reflectivity minimum is therefore concentrated at the outer 
edge of the wire. 
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Figure  4.4: Graph of reflectivity vs. distance from the centre of the wire 
Heat profiles were then applied to this reflectivity profile in order to calculate the energy 
absorption at different points along the width. 
Application of a Gaussian heat profile to round wire 
To calculate the effect of a Gaussian heat profile on the wire, a 1-dimensional Gaussian function 
was used (Hecht 2002): 
𝐼𝐼 = 𝐼𝐼0𝑒𝑒−2𝑟𝑟2𝑤𝑤2    (4.8) 
Where I (W/mm2) is the irradiance at point r, I0 (W/mm2) is the maximum irradiance at the 
centre point, r (mm) is the transverse distance from the centre point and w (mm) is the radius of 
the 1/e2 point. 
For this calculation, the beam diameter was set at 1.25 mm, giving w as 0.5 mm. The laser power 
was set at a nominal 100 W, giving I0 as 200 W. Irradiance was calculated at distances r taken 
from Figure  4.4 and was then multiplied by the reflectivity at those points, giving a measure of 
the energy absorbed along the width. The beam was assumed to be circularly polarised.  
Figure  4.5 cross-references the absorbed irradiance from Figure  4.4 and Equation 4.8 with 
position across the width of the wire. 
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Figure  4.5: Graph of absorbed irradiance vs. distance from the centre of the wire, with 100W input power and 1mm 
diameter Gaussian beam 
The absorbed irradiance follows a Gaussian profile. This is because the reflectivity profile is 
largely flat across the majority of the width of the wire, as shown in Figure  4.4. The reflectivity 
minimum in Figure  4.4 corresponds with a large spike in absorbed irradiance at the outer edge in 
Figure  4.5. 
Application of a flat heat profile to round wire 
For a flat heat profile, the irradiance is simply the ratio between applied power and beam area, 
since the irradiance is uniform across the whole width. For a 100W square beam with a 1.25 mm 
width, this is 1.56 mm2, giving an applied irradiance of 64 W/mm2.  
These results were then plotted against the Gaussian results on the same scale, to allow 
comparison between them. This is shown in Figure  4.6. 
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Figure  4.6: Graph of absorbed irradiance vs. distance from the centre of the wire for a 1 mm Gaussian beam and 1 mm 
square pedestal beam 
The absorbed irradiance closely follows the shape of the pedestal, with a spike at the edge 
corresponding to the decrease in reflectivity at high incidence angles. For the same input power, 
the Gaussian beam clearly inputs more heat into the centre of the wire, compared to the 
pedestal beam.  
The additional heat placed at the edge results in a absorption peak at the edge of the wire of 
approximately 20 W/mm2 for the pedestal vs. 15 W/mm2 for the Gaussian beam. This makes the 
absorption at the edge of the wire for the Gaussian beam approximately equal to that at the 
centre, whereas for the pedestal beam it is between 3 – 4 times greater, just because of the 
shape of the wire. 
Using an enlarged Gaussian beam instead of a pedestal HOE 
Apart from using HOE’s, another possible method of increasing the energy present at the edge 
of the wire is to increase the size of the laser beam. A schematic of this method is shown in 
Figure  4.7. 
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Figure  4.7: Schematic of effective power distribution when increasing the size of the applied Gaussian beam showing 
(a) Original 1.25 mm Gaussian beam and (b) larger beam 
Applying this larger beam through the surface reflectivity profile of the wire, gives an absorption 
profile that is very similar to that of a pedestal HOE beam. This is shown with a 3.5 mm beam in 
Figure  4.8. 
 
Figure  4.8: Laser beam absorption profile for 3.5 mm diameter Gaussian beam on 1 mm diameter wire 
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Total absorbed power 
The different beam types result in different levels of power absorption in the wire. Total power 
absorbed in the wire for a nominal laser power of 100 W is given for the three beam types in 
Table  4.2. This is calculated by integrating the absorbed irradiance plots given in 
Figure  4.6Figure  4.8. 
Table  4.2: Total absorbed power with different beam types on round wire with nominal 100 W input power 
1.25 mm Gaussian beam 1.25 mm pedestal beam 3.5 mm Gaussian beam 
10.6 W 6.3 W 1.93 W 
 
Wire power absorption is dependent on both power density and energy distribution. With the 
1.25 mm Gaussian and pedestal beam, which have similar overall power densities, the difference 
in power absorption is due to their energy distributions. The non-uniformity of the Gaussian 
beam causes more energy to strike the wire than with the pedestal beam, which is uniform. 
When the 3.5 mm Gaussian beam is applied, the reduction in power density due to the increase 
in beam size reduces the level of power absorption. 
Discussion of the effects of wire absorption and substrate heating is covered in Section 4.2, with 
COMSOL simulations. 
4.1.3 Evaluation of pre-melt flat wire 
For flat wire calculations, incidence angle θ is the same all along its width, which means that a 
single calculation is adequate to evaluate the reflectivity across its width. Assuming θ = 0: 
𝜌𝜌∥ = (𝐷𝐷 − 1)2 + 𝑗𝑗2(𝐷𝐷 + 1)2 + 𝑗𝑗2 (4.9) 
𝜌𝜌⊥ = (𝐷𝐷 − 1)2 + 𝑗𝑗2(𝐷𝐷 + 1)2 + 𝑗𝑗2 (4.10) 
Therefore: 
𝜌𝜌 = (𝐷𝐷 − 1)2 + 𝑗𝑗2(𝐷𝐷 + 1)2 + 𝑗𝑗2 (4.11) 
Reflectivity can be calculated: 
𝜌𝜌 = (20.4 − 1)2 + 21.52(20.4 + 1)2 + 21.52 (4.12) 
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𝝆𝝆 = 𝟎𝟎.𝟗𝟗𝟗𝟗  (4.13) 
Because the absorption profile of flat wire is uniform across its entire width, the absorption 
profile is exactly identical to the applied heat profile.  
Since the absorption profile of the round wire also has a high degree of uniformity across the 
majority of the wire’s width, the main effect of the flat wire is to remove the reflectivity 
minimum that appears at high angles of incidence in round wire. This is shown in Figure  4.9. 
This would be expected to have an effect on the heat profile within the wire itself. Previous HOE 
research discussed in Section  2.4.3 showed that greater heat loss at the wire edged required 
HOE’s to place additional heat there. In round wire, this happens automatically due to the shape 
of the wire but with flat wire it doesn’t. 
 
Figure  4.9: Graph of reflectivity profile of flat wire vs. round wire 
4.1.4 Comparisons of reflectivity between 1.06 µm and 10.6 µm wavelengths 
The n and k values for stainless steel are different at 1.06 µm than 10.6 µm, as given in Table  4.1. 
Using Fresnel relations to plot reflectivity vs. incidence angle in the same way as Section  4.1.2 
yielded the graph given in Figure  4.10, for circularly polarised beams. 
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Figure  4.10: Graph of reflectivity for stainless steel at 10.6 µm vs. 1.06 µm 
At a 0° incidence angle, this predicts double the absorption with a 1.06 µm beam than with a 
10.6 µm beam. This ratio is in agreement with the calculated results reported by (Boyden & 
Zhang 2006). Experimental results produced by Touloukian and DeWitt (Touloukian & DeWitt 
1970) agreed relatively closely, predicting an absorptivity of approximately 0.25 for 1.06 µm. A 
wavelength of 1.06 µm therefore gives coupling advantages over 10.6 µm. There appears to be a 
certain amount of disagreement over the level of advantage. The results given here show an 
absorptivity ratio of approximately 2:1 in favour of 1.06 µm.  
  This advantage increases with incidence angle to a maximum at 75°, where reflectivity at 1.06 
µm is 0.69 and at 10.6 µm is 0.84. The advantage of 1.06 µm reduces after this, since the 
reflectivity at 10.6 µm is subject to a greater reduction as Brewster’s angle is approached. The 
difference in reflectivity at Brewster’s angle is relatively minor, although at 1.06 µm there is still 
a benefit. 
In order to maximise advantages, it would be wise to use a 1.06 µm laser, so either a fibre or 
Nd:YAG set at Brewster’s angle. Compared to a normal CO2 laser, this would give an absorption 
improvement of 7.3 times. 
4.1.5 Reflectivity effects of wire feeding 
Initial calculations assumed that the wire was laid flat on the substrate, perpendicular to the 
laser beam. However, when wire feeding is used, the wire is fed into the melt pool at a certain 
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rate and feed angle. The overall incidence angle for a wire feeder is therefore a combination of 
the transverse incidence angles previously calculated, and the tilt angle of the feeder itself. 
For flat wire, this assessment is easy; since the wire is flat, the ideal tilt angle is 85°, as shown in 
Figure  4.1: Graph of Reflectivity vs. Incidence angle for stainless steel illuminated with a 10.6 µm 
laser beam. For round wire, the transverse reflectivity profile of the wire changes across its 
width, so there is no tilt angle that can give optimum reflectivity everywhere at once.  The 
optimum tilt angle will still be in the region of 85°, since the difference the two wire shapes is 
only significant at the outer 20%, as shown in Figure  4.9. 
The feed angle discussed here is concerned with reflectivity only. An 85° feed angle is too steep 
to be physically practical, since it would mean that the wire is entering the melt pool almost 
parallel to the laser beam and at right angles to the substrate. This would explain why shallower 
angles were found to be optimal in Section  2.1.3. 
4.1.6 Top surface heat flow summary 
Applied beam shape and wire shape are both important factors that govern the reflectivity 
profile of the wire, with beam shape having the greatest influence in the centre and wire shape 
at the edge. 
The absorptivity peak located at the edge of the round wire has an effect proportional to the 
level of incident irradiance at that point. Since the pedestal beam places a greater level of 
irradiance at the edge compared to the Gaussian beam it give a peak that is 30% taller.  
Combining this fact with the fact that the Gaussian beam places the majority of its power in the 
centre of the wire results in the Gaussian edge peak irradiance being approximately equal to the 
central irradiance, while the pedestal edge peak irradiance is 3 – 4 times greater in intensity than 
the centre irradiance. 
Feeding flat wire at an angle of 85° under a parallel-polarised beam would be the simplest way 
to optimise the heat absorption consistently across the whole wire width, but this would not be 
practical. Another way would be to have a top surface shaped such that a combination of the 
top surface angle and feed angle give a resultant of 85°; allowing a shallower feed angle. Various 
possible shapes are shown in Figure  4.11. 
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Figure  4.11: Cross-sectional schematic of possible wire top surface profiles to maximise absorption 
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4.2 Constructing the COMSOL simulations 
This section contains a brief overview of the software used for simulation and the mathematical 
principles behind it. 
4.2.1 Using COMSOL Multiphysics 
Heat conduction simulations were carried out using COMSOL Multiphysics. This is a simulation 
program that uses a series of physics modules to simulate various aspects of a process, which 
can then be linked together to create an overall model.  
The advantage of using COMSOL over programs such as ANSYS Fluent or Star CCM, which are 
arguably superior at pure fluid mechanics simulation, was that it allowed a single simulation to 
be created that could track the progression of a cladding process from solid wire and substrate, 
through the melting stage, to the formation and flow of the melt pool, finishing at the formation 
of the solid clad track. Figure  4.12 shows the COMSOL interface: 
• The model builder panel, which shows the elements present in the model; such as 
geometry, boundary conditions, meshes etc. 
• The simulation specifications panel, which allows the elements from the model builder 
panel to be defined; such as mesh size, element type, material parameters etc. 
• The graphics panel, which shows a visualisation of the model as well as the simulation 
results. 
• The messages panel, which shows the progress of running simulations, logs etc. 
77 | P a g e  
 
 
Figure  4.12: Screenshot of COMSOL Multiphysics, showing heat conduction simulation 
4.2.2 Creation of conduction Simulations 
Since the COMSOL package available for this work did not contain the Ray Optics module, it was 
necessary to create complex series of heat fluxes in order to manually model the laser-material 
interactions. A single laser beam profile was modelled mathematically and then split into 
components in order to account for the wire geometry, the substrate geometry and the differing 
reflectivities of the two materials. These heat fluxes were then all applied simultaneously in 
order to create the overall model. 
There were two heat fluxes used in total: 
• Direct Wire Heating (DWH): This heat flux modelled the laser illuminating the wire. For 
round wire, this incorporated the reflectivity profile modelled in Section  4.1 in order to 
accurately account for the wire geometry. For flat wire, the 91% reflectivity value for 
normal illumination of stainless steel was used for the whole wire. 
• Direct Substrate Heating (DSH): This heat flux modelled the laser illuminating the 
substrate. Since the substrate was a flat surface no reflectivity profile was necessary, 
simplifying the modelling somewhat compared to the DWH. 
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Model builder 
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This section describes the simulation setup in detail. 
Model setup 
Finite Elements conduction simulations were created using COMSOL Multiphysics, with both a 
ø1 x 35 mm circular section wire and 0.3 x 2 x 35 mm rectangular section wire; and a 0.8 x 15 x 
35 mm substrate. With the circular section wire, a small area of overlap between the wire and 
substrate was allowed, in order to make sure that the wire was simulated as being connected to 
the substrate.  Setting the two as tangential caused the program to treat them as entirely 
separate entities.  This overlap is shown in Figure  4.13. 
 
Figure  4.13: Overlap between wire and substrate 
The model was limited to heat conduction, since the study was focussed on the conductive 
effects and incorporating phase change into the model would simply add more complexity and 
increase the computational load. This simplification did allow the model to be created in three 
dimensions however, which not possible with the more complex melting simulations. 
This limitation made temperature outputs useful primarily as comparators between the two 
beam types, rather than absolute predictions, since disregarding phase change and material flow 
meant that they did not represent temperatures reached in reality.  
The model had a free tetrahedral mesh set for minimum and maximum element sizes of 2.8 mm 
and 350 µm respectively. To minimise the element count and therefore the computational load, 
Wire 
Substrate 
Overlap 
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the wire had an independent maximum element size set at 400 µm, with the minimum at 3 µm. 
This yielded a biased mesh with 14900 elements, shown in Figure  4.14. 
 
Figure  4.14: Wire simulation mesh for (a) round wire and (b) flat wire. Blue shows the wire and red shows the substrate 
To simulate the heat flow, the Heat Transfer in Solids module was used. The thermal insulation 
property was overridden by Convective cooling and Surface to Ambient Radiation boundary 
conditions on all boundaries, apart from the substrate underside. 
In order to aid control of the model, its properties were all defined in a single parameter table, 
given in Table  4.3. 
Table  4.3: Parameters used for heat conduction model 
Parameter 
name 
Parameter 
quantity 
Parameter description 
l_sub 35 mm substrate length 
w_sub 15 mm substrate width 
t_sub 0.8 mm substrate thickness 
r_beam 0.625 mm laser beam radius 
r_wire 0.5 mm wire radius 
w_abs 0.1 wire normal absorptivity 
s_abs 0.22 substrate normal 
absorptivity 
P_laser 550 W laser power 
 
The position of the beam was controlled using a system of variables given in Table  4.4. 
 
 
 
(a) (b) 
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Table  4.4: Beam position variables used in heat conduction simulations 
Variable 
name 
Variable 
quantity 
Variable description 
x0 0 mm Beam centroid position in x 
axis 
y0 1.6[mm/s]*ss Beam centroid position in y 
axis as a function of time 
ss if(t<=4,0,t-4) Time based modifier for 
beam position, 
incorporating 4s start delay 
in process 
 
Modelling a 3D Gaussian heat flux 
In order to model a Gaussian beam, a Gaussian Pulse function was created, with a standard 
deviation of ½. This is shown in Figure  4.15.  
 
Figure  4.15: Plot of Gaussian function 
To convert the Gaussian profile into a three-dimensional Gaussian heat flux the variable shown 
in Table  4.5 was created. Using a standard deviation of ½ for the Gaussian function in Figure  4.15 
meant that the heat flux had a 1/e2 diameter matching the r_beam beam radius parameter 
given in Table  4.3. The laser beam was then specified using the function given in Table  4.5. 
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Table  4.5: Gaussian heat flux function 
Variable 
description and 
name 
Variable function 
Applied Gaussian 
heat flux (Q_app) 
(P_laser/r_beam^2)*gp1((x-x0)/r_beam)*gp1((y-y0)/r_beam) 
 
Use of this function allowed the Gaussian plot to be controlled using laser beam parameters; the 
laser power and beam radius. 
Modelling a 3D pedestal laser beam 
With the square pedestal beam, the beam design process could be made simpler. In this case, no 
function plot was necessary and the beam could be specified by a function directly. This is given 
in Table  4.6. 
Table  4.6: Pedestal heat flux function 
Variable 
description and 
name 
Variable function 
Applied Gaussian 
heat flux 
(Q_app_ped) 
P_laser/(4*r_beam^2)*if(abs(x-x0)<=r_beam,1,0)*if(abs(y-
y0)<=r_beam,1,0) 
 
Modelling DWH temperature distribution on round wire. 
For round wire, the wire reflectivity plot from Section  4.1 was inverted in order to make it 
describe absorptivity. It was then plotted in three dimensions, with a width equal to the wire 
diameter and length equal to the beam length. This plot is given in Figure  4.16. 
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Figure  4.16: Wire reflectivity plot 
This reflectivity profile was then applied to the pedestal and Gaussian heat fluxes to give overall 
heat fluxes, which were then applied to the wire. Plots of these heat fluxes are shown in 
Figure  4.17. 
 
Figure  4.17 Three-dimensional plots showing (a) Gaussian heat flux and (b) pedestal heat flux applied to the wire 
These heat fluxes were then applied to the wire surface boundaries, highlighted in blue in 
Figure  4.18a. Only the top surface of the wire had these heat fluxes applied. The resulting 
temperature plot, with just the wire affected is given in Figure  4.18b. 
Wire direction 
(a) (b) 
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Figure  4.18: (a) Wire boundaries which have the wire heat flux applied (highlighted in blue) and (b) example Gaussian 
wire-only temperature plot 
The work in this section only applied to round wire, since flat wire only required a single 
reflectivity value for the whole top surface. 
Modelling DSH temperature distribution for round wire 
For the stainless steel substrate, developing the applied heat flux geometry was considerably 
simpler than for the wire, since the substrate was a flat surface normal to the laser beam. In this 
case, the original heat flux could be applied directly to the substrate without having to be run 
through the reflectivity function first.  
However, division of the substrate geometry was required to account for the fact that part of 
the substrate is in shadow. This division is shown in Figure  4.19. 
 
Figure  4.19: Schematic showing the division of the substrate to allow for shadowing of the substrate by the wire 
In Figure  4.20 an example temperature plot is shown, with just the substrate being treated. 
(a) (b) 
Substrate heat flux Substrate heat flux 
These surfaces are in 
shadow 
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Figure  4.20: Example Gaussian substrate-only temperature plot 
Splitting the geometry in order to account for shadow was only necessary for round wire. Flat 
wire was in contact with the substrate across its entire width, so although two different heat 
fluxes were still required to account for the differences in reflectivity between the mild and 
stainless steel, the substrate did not need to be split. 
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4.2.3 Melt pool simulation basic principles 
The basic cladding model was set up as shown in Figure  4.21. 
 
Figure  4.21: Schematic of laser cladding model setup. Taken from S. Hou (Hou 2015) with permission  
The explanation in this section is intended to provide a brief overview of the basic principles 
involved in the creation of the melt pool simulations. A detailed explanation is provided by S. 
Hou (Hou 2015), who created the models upon which this work is based. 
Boundary conditions 
The boundaries in Figure  4.21 were as follows: 
• Boundary BCD was treated as the output for the vapour phase. 
• Boundaries AB, DE, EF, FG and GA were treated as insulated walls with no heat transfer. 
• Boundary BHIJKD was treated as the liquid-vapour (l/v) interface.  
• The laser was treated as a heat flux incident on boundaries BH, IJ and KD. 
Model simplifications 
Several simplifications were made to the cladding model, in order to reduce some of the 
complexity in the modelling equations: 
• The system was assumed to be steady state. 
• The fluid was assumed to be a Newtonian laminar flow, with an incompressible flow 
mechanism applied. 
• The material properties were considered to be constant within a particular material 
phase; including density, viscosity, heat capacity, thermal conductivity, laser absorptivity, 
thermal expansion coefficient, heat transfer coefficient and thermal emissivity, which 
were assumed to be independent of temperature. 
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• The model was set in a 2D plane and different phases were solved in a single 
computation domain. 
• The laser beam is applied perpendicular to the surface and is treated as being directly 
absorbed at the solid-vapour or liquid-vapour interfaces. Absorption effects dealt with 
previously – beam polarisation and Fresnel absorption were neglected for the purposes 
of this model. 
Heat transfer and fluid flow 
Heat transfer and fluid flow are simultaneous. Therefore, a model governed by conservation of 
mass, energy and momentum was developed for the simulation, in a similar manner to Bennon 
&  Incropera (Bennon & Incropera 1987).  
 
The mass conservation equation is given as: 
∂ρ
∂t
+ ∇ · (ρ𝐔𝐔) = 0  (4.14) 
Where ρ is the density, t is time and U is the velocity vector. 
The Navier-Stokes equation is used to model conservation of momentum, applying Newton’s 
second law of motion with the total stress of the fluid motion: 
ρ �
∂U
∂t
+ 𝐔𝐔 · ∇𝐔𝐔� = ∇ · σ + Sm  (4.15) 
Where I is the unit diagonal matrix, P is the pressure, ∇P is the pressure gradient generated from 
the normal stress of the stress tensor σ and Sm is the source term, representing different flow 
dynamics. 
The energy conservation equation describes the relationship between inflow, outflow, 
generated and stored energy in a differential control volume: 
ρcp ∂T∂t + ρcp𝐔𝐔 · ∇T = ∇ · (k∇T) + Se  (4.16) 
Where k is thermal conductivity, Cpis the heat capacity at constant pressure and Se is the source 
term of the continuity energy equation. 
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Modelling the solid-liquid (s/l) interface 
An enthalpy-porosity technique (Brent et al. 1988) was used to model this interface, since the 
level-set method was already in use for the l/v interface. There are two primary phases present, 
solid and liquid, with a ‘mushy’ zone containing both in between. To take account of the zero 
velocity in the solid portion of the mushy zone in the momentum conservation equation, a 
Carmen-Kozeny equation for permeability is introduced. 
The liquid fraction is then assumed to vary linearly with temperature from a fully solid state to a 
fully liquid state. For energy conservation, the latent heat of fusion is adjusted to take account of 
the liquid fraction. For the purposes of this simulation, the heat capacity Cp is assumed to be 
identical for both solid and liquid.  
Modelling the liquid-vapour (l/v) interface 
Laser cladding simulations were calculated using the level-set method (Osher & Sethian 1988) 
for tracking the movement of a complex surface. This method converts the interface tracking 
problem into a partial differential equation.  
A Heaviside function is then used to represent the different phases, along with its derivative, the 
Dirac Delta function. Because the Heaviside function contains a sharp jump, and the delta 
function contains infinity within its range, they cannot be solved as is, and must be smoothed  
via a smoothing function (Olsson et al. 2007). 
Mass flux during evaporation 
During processing, there is mass transfer between the liquid and vapour phases, as evaporation. 
The mass conservation equation is modified to suit, and then smoothed with the level-set 
function. Vapour density is varied with temperature and pressure. 
The mass evaporation rate is defined according to the Hertz-Knudsen equation, along with the 
Clausius-Clapeyron relation used to calculate the saturated vapour pressure. 
Force conditions 
In the three-phase system under consideration, the primary factor that influences the surface 
morphology of the melt pool is the force applied to the L/V surface. 
• There is a gravity term which includes the net effect of gravity itself, as well as a 
buoyancy force that is a result of density variation due to temperature gradients. 
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• There is a S/L transition term used to take account of the momentum in the mushy 
interface zone. 
• There is a surface tension term applied to the L/V interface. This is a capillary effect that 
acts as a restoring force against recoil pressure during evaporation. 
• There is the recoil pressure term itself, which is formed due to melt evaporation and is 
primarily of interest in laser keyhole welding where it is believed to be the main 
mechanism of material flow in keyhole propagation. 
Two-dimensional simulation of a three-dimensional Gaussian laser beam 
For a pedestal beam, simulating the movement of the beam along the wire is simple, due to the 
uniform nature of the beam; it is either present or not and exhibits a constant heat flux when it 
is. It can therefore be represented by a smoothed step function. 
A Gaussian beam, on the other hand varies along its length; where length is defined as the axis 
along the wire. This must be accounted for in the mathematical definition of the beam, as shown 
in Figure  4.22. 
 
Figure  4.22: Sections showing (a) a stationary Gaussian plot and (b) a time-dependent Gaussian plot. Taken from S. 
Hou (Hou 2015) with permission 
A general function for the moving Gaussian heat source can be expressed as: 
𝑆𝑆𝑒𝑒𝑒𝑒  = 𝜂𝜂 2𝑃𝑃𝜋𝜋𝑎𝑎2 𝑒𝑒𝑥𝑥𝑒𝑒 �−2𝑥𝑥2𝑎𝑎2 � 𝑒𝑒𝑥𝑥𝑒𝑒 �− 2(𝑢𝑢𝑡𝑡−𝑎𝑎)2𝑎𝑎2 � 𝛿𝛿(𝛷𝛷)   (4.17) 
Where P = power, a = beam radius, and u = the laser scanning velocity 
4.2.4 Melt pool simulation material properties and processing parameters 
Table  4.7 gives the processing parameters and material properties used for the simulation. 
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Table  4.7: Processing properties and parameters used for the melt pool simulations. Taken from S. Hou (Hou 2015) 
with permission 
Name Symbol Unit Values 
Density of liquid ρl kg/m3 8000 
Heat capacity of solid Cps J/(kg·K) 500 
Thermal conductivity k W(m·K) 18 
Thermal expansion coefficient β 1/K 1.6*10-5 
Dynamic viscosity of liquid μ Pa·s 0.006 
Convective heat transfer coefficient hc W(m2·K) 80 
Surface radiation emissivity ε / 0.4 
Latent heat of fusion Lf J/kg 2.7*105 
Latent heat of evaporation Lv J/kg 6.4*106 
Solidus temperature Ts K 1648 
Liquidus temperature Tl K 1674 
Liquid-vapour equilibrium 
temperature 
Tlv K 2900 
Laser absorptivity of the material η / 0.2 
Surface tension coefficient γ N/m Equation 1.36 
S% = 0.03% 
Universal gas constant R J/(K·mol) 
Boltzmann constant Σ J/K 
molecular weight M kg/mol 
Beam radius parameter a mm 1 
Standard laser power P W 300 
Laser scanning speed u mm/s 1.6 
 
4.2.5 Melt pool simulation mesh creation 
In order to enable the ability to track the surface of the L/V interface, it was not possible to 
simulate the round wire. Two different wire geometries were simulated. One was simple 
flattened wire, with dimensions taken from the flat wire produced by the shaping process 
described in Section  3.2.4.  
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The second was a wire shape designed to increase the volume of material at the wire edges. In 
order to keep the same volume of material as the flat wire, a simple triangle relation was used 
where the outer edge height was raised by 100 µm, and the centre was lowered by 100 µm. This 
wire geometry was named “horned wire”. These two wire geometries are shown in Figure  4.23. 
 
 
Figure  4.23: Melt pool simulation wire geometries with (a) flat wire and (b) horned wire 
The model was divided into several domains of computation, due to the different types of 
physics being used. The CFD domain in the centre required a tighter mesh. Figure  4.24 shows the 
type of mesh used for laser cladding. It consisted of 110,000 elements with 1,600,000 degrees of 
freedom. 
2 mm 
300 µm 
400 µm 
200 µm 
2 mm 
(a) 
(b) 
91 | P a g e  
 
 
Figure  4.24: Laser cladding mesh visualisation. Taken from S. Hou (Hou 2015) with permission 
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4.3 Heat conduction simulations 
Heat conduction simulations between the wire and substrate are described in this section. 
Several types of simulation were created: 
• 1.25 mm Gaussian beam on round wire 
• 3.5 mm Gaussian beam on round wire 
• 1.25 mm square pedestal beam on round wire 
• 2 mm square pedestal beam on flat wire 
All simulations were carried out using the same traverse parameter as the physical experiments 
and an input power of 550 W, placing them in the centre of the power range for the 1.25 mm 
Gaussian beam as given in Section  3.2.2. 
In this section, analysis is carried out in two phases. Firstly, all beam types on round wire are 
compared with each other, in order to investigate the effects of different heat fluxes. Secondly, 
the pedestal beam on round wire is compared to the pedestal beam on flat wire in order to 
analyse the effects of different wire geometries when the same heat flux is applied. 
4.3.1 Analysis of different beam geometries on round wire 
Three sets of analysis were carried out; in three, two and one dimension. These are described 
here. 
Three dimensional evaluation 
Three dimensional heat conduction simulations were focussed on the temperature distribution 
gradient and the 3D heat flux. Figure  4.25 shows the three dimensional isothermal contours and 
heat flux vectors of the three beam profiles at the centre of the simulation geometry.  
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Figure  4.25: 3D isothermal contours for (a) 1.25 mm Gaussian (b) 1.25 mm pedestal beam profile (c) 3.5 mm Gaussian 
beam profile. Arrows show magnitude and vector of heat flux. 
The general pattern of isothermal contours and heat flux is similar in all three models, showing 
dependence on physical geometry. In all cases, the bulk of the heat flux is directed forwards in 
front of the beam traverse. Isothermal contours show an elliptical pattern radiating away from 
the beam. 
The direction and magnitude of the heat flux follows the temperature gradient, with clear 
differences between the beam types. In the case of the 1.25 mm beams, the bulk of the heat flux 
is present in the wire, and a very strong heat flux travels from the top of the wire down into the 
substrate. In the 3.5 mm beam, a significantly larger portion of the beam heats the substrate 
directly, which both reduces the heat flux in the wire and increases the heat flux in the substrate 
compared to the 1.25 mm beams.  
The 3.5 mm Gaussian beam therefore provides a thermal distribution that appears more 
balanced than the 1.25 mm beams. Where the 1.25 mm beams cause very steep thermal 
(a) (b) 
(c) 
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gradients in the wire but very shallow ones in the substrate, the 3.5 mm beam inputs additional 
heat into the substrate and increases the temperature gradient there, but also contributes 
towards a reduced thermal gradient in the wire. The reduced wire thermal gradient is also 
attributable to fact that the portion of the overall heat flux directly applied to the wire is spread 
over a length of 3.5 mm in the case of the larger beam vs. 1.25 mm for the smaller beams, giving 
a reduced applied power density. 
Two dimensional evaluation 
Firstly, a cut plane was created in the centre of the simulation geometry. This is shown in red in 
Figure  4.26. Two dimensional temperature profiles were taken on this plane at varying times as 
the beam passed through it for all three beam profiles. 
 
Figure  4.26: 2D cut plane used for sectional temperature profiles 
At 15 s, all laser beams were bisected by this plane. Temperature distribution and isothermal 
contours are shown in Figure  4.27 at this time for all three beam types. 
Isothermal contours have been plotted at 20 levels for all three beam types. These plots make it 
obvious that the largest thermal gradient is in the 1.25 mm Gaussian simulation, where 13 
contours are in the wire. This is reduced in the other two beam types, with 11 in the 1.25 mm 
pedestal simulation and 7 in the 3.5 mm Gaussian.  
This is due to the relative levels of direct heating in the wire and the substrate for the different 
beam types. For the 1.25 mm Gaussian beam, heating in the substrate is minimal compared to 
the wire. Heating of the substrate adds “wings” to the isothermal contours, but the uniformity of 
colour shows little temperature change as a result. By contrast, the uniform profile of the 1.25 
mm pedestal beam gives more substantial substrate heating, which reduces the temperature 
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gradient in the wire. The most even ratio between wire and substrate is found in the 3.5 mm 
Gaussian beam, which although it is non-uniform unlike the pedestal beam, has a much more 
substantial portion of its footprint illuminating the substrate. The temperature of the substrate 
is raised still further, with corresponding reductions in wire temperature gradient. 
 
 
Figure  4.27: Temperature distributions and isothermal contours for (a) 1.25 mm Gaussian beam (b) 1.25 mm pedestal 
beam  (c) 3.5 mm Gaussian beam at 15 s 
Due to the wire reflectivity profile from Section  4.1, laser light is absorbed much more readily at 
the edge of the wire compared to the centre. This results in various levels of curvature in the 
wire temperature profiles, as seen in the isothermal contours in Figure  4.27. The least amount of 
curvature is seen in the 1.25 mm Gaussian simulation. This is due to the fact that the laser 
irradiance profile and the wire reflectivity profile are inverse to each other; the heat flux is 
strongest where the reflectivity is highest and vice versa.  
(a) (b) 
(c) 
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In the 1.25 m pedestal and 3.5 mm Gaussian simulations, the temperature profile within the 
wire has a greater curvature, due to the fact that the heat flux is more uniform across the width 
of the wire. This means that more heat is applied at the wire edges where absorptivity is greater 
and the temperature there is raised as a consequence. More curvature is visible in the pedestal 
simulation compared to the Gaussian simulation because the heat flux is truly uniform, whereas 
for the 3.5 mm Gaussian beam it is not, although it is considerably more uniform than the 1.25 
mm Gaussian heat flux. 
One dimensional evaluation 
For one-dimensional evaluation, lines were plotted in all three axes: 
• A line plotted along the length of the wire at its top surface. 
• A line plotted vertically through the wire and substrate, located at the centre. 
• A line plotted horizontally across the wire diameter. 
Temperature measurements were then taken along these lines for all three beam types and 
then plotted together on the same axes to allow inter-comparisons.  
In Figure  4.28, longitudinal temperature plots for all three beam types are shown. Their basic 
behaviour is similar; the wire in front of the beam is near room temperature and begins to  
rapidly rise in temperature at x = 22.5 mm as the beam approaches it. Maximum temperature is 
reached at a point approximate to the position of the centre of the beam (x = 17.5 mm). 
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Figure  4.28: Longitudinal temperature plots for 1.25 mm Gaussian and pedestal beams and 3.5 mm Gaussian beam 
After the beam passes, there is another steep reduction in temperature from x = 17.5 mm to x = 
12.5 mm. At this point the heat conducted into the substrate has elevated its temperature, so 
the substrate no longer acts as a heat sink for the wire to conduct into and the primary 
mechanism of heat loss in the wire becomes convection into the surrounding air. This is a less 
efficient mechanism than conduction, so heat loss is slowed down and the temperature gradient 
is reduced accordingly. 
The exact temperature reached is different depending on the beam type. The primary driver 
appears to be the size of the beam since both 1.25 mm beams exhibit very similar behaviour, 
with both reaching maximum temperatures of approximately 3000°C and exhibiting somewhat 
similar heating temperature gradients. The pedestal beam reaches a higher temperature due to 
the fact that more heat is absorbed by the wire, as discussed and shown in Figure  4.27. The 
cooling curve for these two beams is also considerably different, which is due to two factors. 
Firstly, the 1.25 mm pedestal beam is uniform along its length whereas the Gaussian beam isn’t. 
This means that the heat flux is maintained for a longer time the wire begins to cool later with 
the pedestal beam. In addition, Figure  4.27 shows that the 1.25 mm pedestal beam is more 
effective at heating the substrate than the 1.25 mm Gaussian beam. This higher substrate 
temperature has the effect of reducing the heat flux from the wire to the substrate, which 
causes the wire to cool down more slowly and stabilise at a higher temperature. 
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The 3.5 mm Gaussian beam simulation reaches a much lower maximum temperature than the 
smaller beams, due to the fact that the applied power density is much lower. The larger beam 
length also means that its cooling gradient is much shallower than the smaller beams, since 
although the power density is lower, it is maintained at its higher levels for much longer.  In the 
same way as the 1.25 mm pedestal beam, substrate heating reduces the temperature gradient 
in the wire. This means that the wire stabilises at a similar, but slightly higher temperature than 
that of the 1.25 mm pedestal beam, with the difference due to the differing levels of substrate 
heating; the 3.5 mm beam puts more heat into the substrate and thus the wire cools down less. 
In Figure  4.29, temperature plots running vertically from the bottom surface of the substrate up 
through the centre of the wire to the top surface are shown for all three beam types. 
 
 
Figure  4.29: Vertical temperature plots for 1.25 mm Gaussian and pedestal beams and 3.5 mm Gaussian beam 
In all three beams, the steepest temperature gradient is in the wire, with the wire-substrate 
interface appearing to act as something of a “waterfall” to heat transfer between the wire and 
substrate, as all three beams show an increase in temperature gradient as the interface is 
approached. Temperature in the substrate is much more uniform, due to the increase in surface 
area of the thermal propagation front slowing down the rate of heat transfer. The level of direct 
substrate heating is another contributor of the differences in substrate temperature, which 
explains why the 1.25 mm Gaussian beam simulation has the substrate reach a lower 
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temperature than the other two beam types. Since the 1.25 mm pedestal beam simulation and 
the 3.5 mm Gaussian beam simulation both have the substrate reach the same temperature, 
this would imply that similar amounts of energy have entered the substrate at this point. 
Although the 3.5 mm Gaussian beam has more energy striking the substrate overall, factors such 
as the fact that the 1.25 mm pedestal beam has all of the substrate energy striking much closer 
to the centre line than the 3.5 mm Gaussian beam would mitigate this. This is therefore not an 
implausible result. 
These plots also act to corroborate the previous discussion of temperature gradients. The 
greatest overall temperature difference is present in the 1.25 mm Gaussian simulation where 
the temperature reduces from approximately 3000°C at the top of the wire to 1250°C at the 
substrate-wire interface; a difference of 1750°C, compared to 1450°C for the 1.25 mm pedestal 
simulation and 400°C for the 3.5 mm Gaussian simulation.  
The 1.25 mm Gaussian simulation has the largest part of this temperature reduction in the top 
0.3 mm of the wire however, which is where the temperature gradient is steepest. The rest of 
the wire temperature gradient for the 1.25 mm Gaussian simulation is similar to the 1.25 mm 
pedestal simulation, just at a lower temperature. This suggests the existence of an upper limit 
for how quickly heat can conduct through the wire. The 1.25 mm Gaussian beam has the 
majority of its heat input concentrated at the centre of the wire and this heat can only conduct 
through the wire so quickly, hence the 1.25 mm Gaussian simulation shows this heat 
concentrated at the top of the wire, artificially raising the temperature there. In the 1.25 mm 
pedestal beam, heat distribution is uniform and the heat applied at the edge can conduct 
inwards to the centre, as shown by the isothermal contours in Figure  4.27. This makes the 
temperature gradient in the 1.25 mm pedestal simulation more linear.  
The 3.5 mm Gaussian beam closely follows the pattern of the 1.25 mm pedestal beam, for the 
same reasons. The differences due to power density and substrate heating have already been 
discussed. 
In Figure  4.30, horizontal temperature plots across the diameter of the wire are given for all 
three beam types.  
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Figure  4.30: Horizontal temperature plots for 1.25 mm Gaussian and pedestal beams and 3.5 mm Gaussian beam 
The data given here corroborates findings from previous plots in Figure  4.27Figure  4.29. The 
higher temperature and greater curvature of the 1.25 mm pedestal simulation compared to the 
1.25 mm Gaussian simulation is accounted for by the wire reflectivity profile combined with the 
uniform irradiance profile of the beam, with the non-uniformity of the Gaussian beam acting to 
cancel out the wire reflectivity profile and produce a more linear temperature profile. 
For the 3.5 mm Gaussian beam simulation, the lower temperature is due to the reduction in 
laser power density. Here, the temperature profile is more uniform than the 1.25 mm pedestal 
beam. The reason for this is shown in Figure  4.27, where although both beam types produce 
curved temperature profiles in the wire, the 3.5 mm Gaussian beam’s curvature is much less 
pronounced and does not extend as far down as the 1.25 mm pedestal beam, which makes the 
curvature in the 1.25 mm pedestal beam plot more visible in Figure  4.30. 
  
1200
1400
1600
1800
2000
2200
2400
2600
2800
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Te
m
pe
ra
tu
re
 (°
C)
 
Horizontal wire co-ordinate (mm) 
1.25 mm
Gaussian
beam
1.25 mm
pedestal
beam
3.5 mm
Gaussian
beam
101 | P a g e  
 
 
4.3.2 Comparison between round and flat wire 
Heat conduction simulations were carried out to compare round wire with flat wire, using 
pedestal beams. 
Three dimensional evaluation 
Figure  4.31 shows the three dimensional isothermal contours and heat flux vectors of the three 
beam profiles at the centre of the simulation geometry. 
 
Figure  4.31: 3D isothermal contours for (a) 1.25 mm pedestal beam profile on round wire and (b) 2 mm pedestal beam 
on flat wire. Arrows show magnitude and vector of heat flux. 
With the flat wire, the maximum temperature is considerably reduced, due to the fact that 
although the power is the same, the larger beam size reduces the power density. Temperature 
in the flat wire is also reduced compared to the 3.5 mm Gaussian beam, despite the fact that the 
2 mm pedestal beam used for the flat wire is actually smaller than the 3.5 mm Gaussian beam. 
This is for two reasons, Firstly, the non-uniform nature of the 3.5 mm Gaussian beam means that 
the highest heat concentration is actually present on the wire, so the raw beam sizes are not 
representative of the actual power density at any particular point. Secondly, the different wire 
geometries mean that heat flow out of the wire into the substrate is greatly eased in the flat 
wire, vs. the round wire, and the flat wire temperature is reduced accordingly. 
Differences in wire geometry also account for the differences in heat flux between the two wire 
geometries. In the flat wire, the magnitude of heat flux straight down into the substrate is 
virtually eliminated, due to the larger interface between wire and substrate. Horizontally, the 
(a) (b) 
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heat flux in the flat wire follows the same pattern as the round wire, with the major direction of 
heat flow being in the same direction as the laser beam traverse, for the same reason. 
This comparison also shows the level to which the wire geometry affects the temperature profile 
geometry. In the flat wire, the shapes of the isothermal contours are much more rectangular in 
section than the round wire, even though the laser beams are the same shape. The identicalness 
of the beam shapes mean that this must be due to the differences in wire geometry.  
Two dimensional evaluation 
In Figure  4.32, the sectional temperature distributions for the two wire types are compared. 
These were created using the same method as in Section  4.3.1. Both images were created using 
the same temperature scale. 
 
Figure  4.32: Temperature distributions and isothermal contours for (a) 1.25 mm pedestal beam on round wire and (b) 
2 mm pedestal beam on flat wire 
As seen in the previous section, the maximum temperature is greatly reduced in the flat wire by 
comparison to the round wire. Isothermal contours show a curved temperature profile into the 
substrate, in a similar way to the round wire, but with a much less curved shape. There is 
therefore greater uniformity across the width in flat wire, compared to the round wire.  
Although the temperature in the flat wire is much lower, it is also more uniform, with much 
greater spacing between the isothermal contours than the round wire. Due to the fact that 95% 
of the beam is striking the flat wire directly, as opposed to 80% in the case of the round wire, the 
level of direct substrate heating is very strongly reduced. Substrate heating in the flat wire 
occurs almost exclusively through the wire, in contrast to the round wire where 20% of the total 
heat input is directed against the substrate. 
(a) (b) 
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One dimensional evaluation 
In Figure  4.33, temperature plots along the length of the wire are presented for round wire vs. 
flat wire with pedestal beams. 
 
Figure  4.33: Longitudinal temperature plots for 1.25 mm pedestal beam on round wire and 2 mm pedestal on flat wire 
This shows that the temperature profiles for both the 1.25 mm Gaussian and pedestal beams on 
round wire from Figure  4.28, which are very similar to each other, is largely dependent on the 
wire geometry. When flat wire is used, the transition from heating to cooling is much less 
precipitous, with a clearly defined region under the beam where temperature is maintained, 
giving a longer overall heating time. This means that wire heating can be more easily controlled 
with flat wire than round wire. 
Plots of vertical temperature are given in . Since the flat wire is only 300 µm thick in the vertical 
axis, it has a shorter line. These plots show very similar general behaviour between the two wire 
types. The flat shows a more linear temperature gradient than round wire, which reflects the 
more linear geometry of wire itself. In the flat wire, the heat flux is traversing a series of 
rectangular volumes, with the isothermal contours in Figure  4.32 showing very little lateral heat 
flow within the wire and substrate. In the round wire, the lateral heat flow in the wire is much 
stronger, leading to non-linearity in temperature along the centreline as it is affected by inward 
heat flow from the edges.  
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Figure  4.34: Vertical temperature plots for 1.25 mm pedestal beam on round wire and 2 mm pedestal on flat wire 
When the horizontal temperature profiles shown in Figure  4.35 are compared, two conclusions 
can be drawn (the reduction in temperature has already been discussed). 
The lateral temperature distribution is much more uniform in the flat wire, with an overall range 
of approximately 40°C; vs approximately 78°C for round wire. The temperature distribution in 
the flat wire also curves in the opposite direction, with the highest temperature in the centre of 
the wire. This is due to the uniform wire-substrate interface in the flat wire, which causes a 
greater degree of heat loss at the edge; therefore reducing temperatures there. In the round 
wire, heat is conducted into the substrate at the centre, which causes that to be the region of 
greatest heat loss. This difference is exacerbated by the reflectivity profiles of the wires 
themselves. In flat wire, the reflectivity profile is also flat so the inward heat flux mirrors the 
pedestal beam. In round wire the additional absorption at the edges adds additional heat there, 
which compounds the differences caused by the wire-substrate interfaces. 
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Figure  4.35: Horizontal temperature plots for 1.25 mm pedestal beam on round wire and 2 mm pedestal on flat wire 
4.3.3 Wire to substrate heating 
An important mechanism not taken into account in these models was the effect of indirect 
heating of the substrate by reflected light from the wire. In round wire, the absorptivity of 
stainless steel remains constant at around 10% across most of its width. This means that 90% of 
the incident light reflects away. Towards the outer parts of the wire, the surface is sufficiently 
sloped for the reflected light to illuminate the substrate and result in secondary heating there. 
This is shown schematically in Figure  4.36. 
This effect means that the substrate would reach higher temperatures in reality than in the heat 
conduction models. 
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This mechanism was not modelled in these simulations due to the fact that the complexity of 
manual ray tracing put it outside the scope of this project. However, future plans for this work 
include the purchase of an automated ray tracing module for the COMSOL software which will 
allow this mechanism to be modelled much more easily and with far more precision and realism 
than any manual method could achieve. 
Some initial predictions of the governing factors and effects of wire-to-substrate reflection can 
still be made. The heating of the substrate as a result of this secondary reflection will be reduced 
compared to direct heating of the substrate itself, since the reflected light from the wire will 
already have been reduced according to the absorptivity of the wire at that particular point. For 
example, if the wire absorptivity is 10% and the substrate’s is 22% then the substrate will be 
absorbing 22% of a ray that has already reduced by 10%. 
The effects of secondary heating will be weakest with the 1.25 mm Gaussian beam and strongest 
with the 1.25 mm pedestal beam, with the 3.5 mm Gaussian beam somewhere between the two. 
This is because the closer the ray is to the centre of the wire, the further away from the wire its 
reflection strikes the substrate. For the 1.25 mm Gaussian beam the highest intensity secondary 
rays will strike the substrate at the furthest distance from the wire and therefore have the least 
effect on wire melting, whereas the uniformity of the pedestal beam means that high intensity 
secondary rays will strike much closer to the wire and therefore have a greater effect. Similar 
behaviour is expected from the 3.5 mm Gaussian beam, but with a reduced effect since the 
Ray close to the 
centre of the wire is 
reflected into space 
Ray close to the edge 
of the wire is 
reflected into the 
substrate 
Figure  4.36: Schematic of indirect wire to substrate heating 
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power density on the wire with this beam is significantly lower than for the 1.25 mm pedestal 
beam. This is compensated for by the greater level of direct substrate heating that the large 
beam generates. 
Further discussion on this point is presented in the comparison between simulated and 
experimental results in Section  5.4. 
4.3.4 Heat conduction simulation summary 
The simple heat conduction simulations here held the majority of their value in the qualitative 
assessment of the effects of alterations in beam and wire shape relative to each other. This 
section gives the following information: 
• Temperature gradient in the wire is strongly affected by the degree of direct substrate 
heating. This is governed by the size of the laser beam and the energy distribution within 
the beam. A 1.25 mm pedestal beam heats the substrate to a greater degree than a 1.25 
mm Gaussian beam when applied to a 1 mm diameter wire due to the fact that the 
pedestal beam places more energy at its outer edges. The shallowest wire temperature 
gradient is created by the 3.5 mm Gaussian beam due to the fact that it heats the 
substrate most effectively. 
• Temperature gradient in the wire is also strongly affected by the relationship between 
the wire reflectivity profile and the laser beam temperature profile. Round wire is more 
absorbent at the edge, so when a beam is applied that applies more heat there, such as 
the 1.25 mm pedestal beam or the 3.5 mm Gaussian beam, the internal temperature 
profile of the wire becomes curved. This curvature allows more heat to be conducted 
into the centre of the wire, which makes the temperature gradient more linear for these 
beams when compared to the 1.25 mm Gaussian beam. 
• Temperature profile along the beam seems to be largely a function of wire geometry, 
beam size and substrate heating than beam thermal geometry. All temperature profiles 
followed the same overall pattern, with specific differences in magnitude and cooling 
gradient affected by the given factors. 
• Altering wire geometry alters both the absorption and conduction behaviour of the wire. 
Because the wire top surface is no longer curved, the lateral temperature profile is both 
more uniform and curves in the opposite direction to round wire. Wire-substrate 
conduction is increased, which reduces the temperature of the wire. 
• The use of flat wire alters the mechanics of substrate heating. With round wire, the 
substrate is heated directly by the laser beams; whereas when a flat wire is used, the 
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bulk of substrate heating occurs through the wire. However, the enlarged wire-substrate 
interface of the flat wire means that the substrate is still effectively heated. 
• The effects of wire-substrate reflection will depend heavily on the exact shape and size 
of the incident laser beam, meaning that it is likely to have a large effect with a uniform 
beam where a high level of incident light is reflected into the substrate and a reduced 
effect with a Gaussian beam where it is the low intensity outer edge that is reflected 
into the substrate. This phenomenon has not been modelled here due to computing 
restraints, but has been earmarked for future inclusion as and when the software 
resources become available. 
4.4 Melt pool simulation – control of beam shape 
Simulations of melting were carried out on flat wire. Two beam types were simulated: A 2 x 2 
mm pedestal beam and a 2 x 2 mm base “cat ears” beam. The cat ears profile was designed as a 
development of the rugby posts profile used by Higginson et al. (Higginson et al. 2010) and 
effects observed from applying the pedestal profile to flat wire. This envisioned placing a 
concentration of heat at the edges like the rugby posts profile in order to create a more 
rectilinear melt pool, improving on the effect given by the pedestal beam shape. In addition to 
this, pre- and post-heating ramps were added to the profile, inspired by Gibson (Gibson 2012), 
which were intended to maintain the rectilinear shape as the clad track solidified. Figure  4.37 
shows a 3D image of the intended profile. 
 
Figure  4.37: 3D visualisation of cat ears beam profile 
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4.4.1  Cladding simulation of 2 x 2 mm pedestal beam on 2 x 0.3 mm flat wire 
Figure  4.38 shows a series of images from the cladding process at different points in time.
 
Figure  4.38: Progression of heating, melt pool and fluid flow when 2 x 0.3 mm wire is melted using 2 x 2 mm pedestal 
laser profile. 
Discussion of melting 
Despite the flat beam profile, at T = 0.8 s, the melt pool develops in the centre first and 
penetrates more quickly there. This shows that heat conducts away from the melt pool more 
T = 0.6 s T = 0.8 s 
T = 1 s T = 1.2 s 
T = 1.4 s 
 
T = 1.6 s 
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easily at the edges than at the centre. If conduction is considered from the point of view of 
vectors, it becomes clear why. From a point in the centre, conduction only happens in the 
downward direction; whereas at a point further towards the edge, it occurs both horizontally 
and vertically. This is illustrated in Figure  4.39. 
 
Figure  4.39: Simulated conduction vectors 
A way to compensate for this would be to place more heat at the edges of the beam, to 
compensate for the additional heat loss there and produce a more even melting profile. 
Discussion of fluid flow 
At the surface, fluid flows from the centre to the outside, following the temperature gradient. 
This flow then forms two strong circular currents at the outer edges and material is drawn back 
into the centre from the bottom. This is the marangoni convection resultant from differences in 
surface tension caused by temperature gradients. 
Previous research into the use of HOE’s for laser welding by Kell (Kell 2007) and powder-bed 
laser cladding by Gibson (Gibson 2012), had a focus on reducing the velocity of fluid flow in 
order to achieve grain refinement and rectilinear melt pool shapes.  
The results shown in Figure  4.38 brings up the possibility that instead of reducing marangoni 
flow, it may instead be possible to control it, in order to control the clad track shape. If 
marangoni flow is the primary mechanism by which material is transported around the melt pool, 
which this result suggests is true, then it could be utilised to govern clad track shape, rather than 
simply minimised. 
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Discussion of final clad track shape 
Final cooling occurs from the outside inwards, since heat is lost from all sides, primarily via 
conduction downwards and convection and radiation upwards. The final clad track has of a 
pyramid-like cross-sectional shape. This is shown in Figure  4.40. 
 
Figure  4.40: Clad track shape and final penetration for 2 x 2mm pedestal on 2 x 0.3 mm flat wire 
Ideally, the final clad cross-section should be as rectilinear as possible, with a flat, horizontal top 
surface and vertical sides. More material therefore needs to be present at the edge. There are 
two possible ways that this could be achieved: 
• By altering fluid flow so as to force more material into the edges and create a rectilinear 
melt pool. This shape could then be maintained by careful control of cooling. 
• By altering the cross-sectional shape of the wire so as to begin with more material 
present at the edges. The beam thermal profile would then be controlled so as to keep 
material there. 
4.4.2 Cladding simulation of the ‘cat ears’ profile 
A series of snapshots of the simulated cladding process are given in Figure  4.41. The simulation 
was run with a power of 300 W, and a traverse rate of 1.6 mm/s. 
Flat sides 
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Figure  4.41: Progression of heating and melt pool when 2 x 0.3 mm wire is melted using cat ears laser profile. 
Temperature, power and melt pool shape 
The simulation for this beam profile was carried out with a laser power of 300 W and a traverse 
speed of 1.6 mm/s. This gave the melt pool progression shown in Figure  4.41. 
The cat ears profile means that melting is first initiated at the outer edges of the wire. These 
separate melt pools spread inwards and join to create a single melt pool. As time progresses, 
T = 0.6 s T = 0.7 s 
T=0.8 s 
T = 1.0 s T = 1.3 s 
T = 0.9 s 
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this propagates downwards towards the substrate. It is notable that the two edge heat 
concentrations result in what can be roughly described as two distinct but conjoined melt pools. 
This results in a single overall melt pool that has a much flatter top surface than the pedestal 
used previously. 
As the melt penetrates into the substrate, this flattening effect begins to disappear and the clad 
track becomes more rounded, forming at T=1.3 s a similar pointed clad track to that shown in 
Figure  4.40.  
The level of penetration in the final clad track is excessive, suggesting that a power of 300 W is 
too high. The maximum penetration when the simulation is run with lower powers of 250 and 
270 W is shown in Figure  4.44. 
At 250 W, maximum penetration does not succeed in melting the entirety of the wire, whereas 
at 275 W, it penetrates into the substrate. 250 W is therefore too low a power level to use.  
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Figure  4.42: Maximum penetration simulations of cat ears beam profile on flat wire at (a) 250 W and (b) 275 W 
 
Unlike the 250 W simulation, the 275 W power level is capable of creating a complete low 
penetration clad track with a flat top, as shown in Figure  4.43. 
(a) 
(b) 
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Figure  4.43: Low penetration clad track with trapezoidal profile created at 275 W 
This penetration occurred at T = 0.9 s. This corresponds to a beam spot length of 1.44 mm, 
suggesting either that the current 2 x 2 mm footprint of the beam is too long, or a faster traverse 
speed is required. 
Melt pool flow conditions 
Concentrating heat at the edges effectively creates two melt pools. At first this is effective at 
creating an approximately rectilinear melt pool, because the swirl of the liquid at the edges 
draws material outwards from the centre. 
Once the two melt pools are joined, this effect is reduced and the top surface becomes more 
rounded. This rounded shape then morphs into a more pointed cross-section as the track 
solidifies.  
Where the two currents are still separate, the clad track forms a flat-topped profile. This is 
evident in the 275 and 300 W simulations. At 250 W, this does not happen. 
4.4.3 Comparison between cat-ears and pedestal clad tracks 
Unlike the pedestal beam, the cat ears beam allows a fully melted substrate, without significant 
penetration. This difference is illustrated in Figure  4.44, where time segments are shown for 
both beam types, at the point where the substrate is fully melted. 
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Figure  4.44: Simulations of (a) 2 x 2 mm pedestal beam and (b) 2 x 2 mm cat ears beam, at the point of complete 
substrate melting 
The additional heat concentration at the edges of the cat ears beam compensate for the 
additional conductive heat loss that occurs there, giving a nearly flat clad material-substrate 
interface and a reduced thermal gradient, which reduces the level of material flow in the cat 
ears clad track, compared to the pedestal track. 
4.4.4 Summary of beam shape control in melting simulations 
Simulations using a pedestal beam on flat wire were found to predict the generation of a pair of 
circular Marangoni convection currents, one at each side. Previous research by Gibson and Kell 
had attempted to minimise convective flow. These results raised the possibility of controlling the 
flow via the synchronisation of wire shape and beam shape together, rather than purely 
minimising it.  
The object of such control would be to create clad tracks with a greater rectilinearity and flatter 
top surfaces. Results shown in Figure  4.44 illustrated this possibility with the cat ears beam 
profile compared to the pedestal beam profile. The additional heat placed at the edges of the 
cat ears profile compensated for the greater level of heat loss there, giving more even melting. 
The Marangoni flow is reduced and relocated towards the top of the melt pool on each side, 
which creates a flatter top surface. 
4.5 Melt pool simulation – control of wire cross-section 
This simulation was conducted for wire with additional material “horns” at the edges. Wire 
dimensions are given in Figure  4.23. 
There were two sets of simulations; one set using a 2 x 2 mm pedestal beam, and the second 
using a 2 x 2 base cat ears beam. 
T = T = 
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The simulations are dealt with in two stages: Heat conduction into the substrate, and melting 
and clad track formation. 
4.5.1 Pedestal beam with horned wire simulation 
Figure  4.45 shows the heat conduction profile for the initial 0.5 s of the cladding process. 
 
Figure  4.45: Simulation of horned wire with a pedestal beam from 0.0 - 0.5 seconds 
From the point of view of heat conduction, the use of horns on the wire confers no advantage. 
Because the heat is applied evenly, heat conduction into the substrate is governed by the 
distance that the heat flux has to travel between the top surface and the substrate. This distance 
0.0 s 0.1 s 
0.2 s 0.3 s 
0.4 s 0.5 s 
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is much further at the edge than the centre, which means that conduction into the substrate 
occurs at the centre first.  
In a way, this behaviour is similar to the conduction effect when using round wire. The centre 
reaches a higher temperature more quickly, which causes bonding to occur in the centre first. In 
this case it is due to conduction in the centre being easier than at the edge, rather than 
conduction only being possible at the centre, making the effect less extreme; but it runs on the 
same principle. 
This then affects the melting and penetration of the clad track, as shown in Figure  4.46. 
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Figure  4.46: Simulation of horned wire with a pedestal beam from 0.8 - 1.3 seconds 
 Figure  4.46 shows that melting and dilution are concentrated in the centre. The additional 
material in the horns takes longer to melt, such that the centre of the melt pool is already 
beginning to penetrate into the substrate before the edge of the wire is completely melted. The 
end result is a clad with high levels of penetration and a rounded top surface shape.  
The mass of wire present at any given point has a significant effect on the dilution profile and 
final clad shape. If extra material is placed anywhere, without additional heat to melt it, then 
that area will give reduced penetration. The shape of the wire can therefore be tuned along with 
the beam to optimise melt pool behaviour. 
0.8 s 0.9 s 
1.0 s 1.1 s 
1.2 s 1.3 s 
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4.5.2 Cat ears beam with horned wire simulation 
Simulations carried out with the cat ears beam shape on horned wire gave very different results. 
Initial heat conduction is given in Figure  4.47. 
 
Figure  4.47: Simulation of horned wire with a cat ears beam from 0.0 - 0.5 seconds 
The placement of heat at the edges corresponds to the horns of the wire, such that conduction 
into the substrate takes on a flattened shape.  
This continues with the melting, as shown in Figure  4.48. Melting now commences in the horns, 
with two melt pools formed initially, which join into a single melt pool in the centre. The image 
at 1.1 s shows the maximum extent of the melt pool. 
0.0 s 0.1 s 
0.2 s 0.3 s 
0.4 s 0.5 s 
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Figure  4.48: Simulation of horned wire with a pedestal beam from 0.8 - 1.3 seconds 
The horns on the wire counteract the ears on the beam, eliminating the excess penetration seen 
in Figure  4.46. Between 0.8 – 0.9 s, the melt pool takes on a flat topped profile, similarly to the 
use of the cat ears beam on the flat wire shown in Figure  4.41.  
The use of horned wire does give benefits over flat wire, however. Placing more material at the 
edges of the wire gives a more rectilinear clad track shape at 0.8 s in Figure  4.48, compared to 
the flat wire in Figure  4.46. In addition, it does not penetrate as far into the substrate and does 
not reach as high a temperature.   
0.6 s 0.7 s 
0.8 s 0.9 s 
1.0 s 1.1 s 
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This would suggest that a process using horned wire, with a cat ears beam that ended at around 
the 0.8 – 0.9 s mark, would give an approximation to a rectilinear clad track. This basic scheme 
could then be further refined to increase the rectilinearity. 
4.5.3 Summary of wire shape control in melting simulations 
In this section, two wire shapes were tested. It was found that the alteration of wire shape by 
itself did not produce improvement. If horns were added to the wire and a pedestal beam was 
used, then dilution was high, with a curved top surface. 
It was when a matching cat ears beam was applied to the horned wire, with the positions of 
thermal concentrations corresponding to the extra material at the edges of the wire, that wire 
shaping showed the ability to create clad tracks with a more rectilinear shape. 
When Figure  4.48 with the cat ears beam is compared to Figure  4.46 with the pedestal beam, 
the alterations in marangoni flow lead to alterations in the clad track shape. In Figure  4.48 at 0.8 
and 0.9 s, the magnitude of the flow is reduced and the central position is at a higher distance 
from the surface of the substrate compared to Figure  4.46 at 1.1 and 1.2 s. 
4.6 Theoretical modelling summary 
In this chapter theoretical modelling was covered in three major categories; numerical 
calculations of surface reflectivity, heat conduction modelling and melt pool simulations. 
Using Fresnel relations in Section  4.1, the ideal incidence angle from the perspective of thermal 
absorption was found to be 85°. Due to the curved surface of the wire, this gave a significant 
increase in thermal absorption at the outer 0.025 mm of the wire. When this absorption profile 
was applied to Gaussian beams, this absorption increase was equal in magnitude to the centre 
of the beam. With the pedestal beam, this increase is three to four time greater in magnitude 
than the absorbed irradiance at the centre of the wire. This absorption increase can be 
eliminated by the use of wire with a flat top surface. In this case, the absorption spike was 
eliminated and absorption was consistent across the whole width. A further study of the round 
wire also showed that an expanded Gaussian beam could be used to imitate the thermal 
absorption behaviour of a pedestal beam over the width of the wire.  
Heat conduction simulations were created in Section  0. When a 1.25 mm pedestal beam is 
compared to a 1.25 mm Gaussian beam, the use of a pedestal beam results in a greater level of 
conduction into the substrate. This is demonstrated by the reduction in predicted maximum 
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temperature from 4700°C in the Gaussian to 4100°C in the pedestal as well as the predicted melt 
pool extent in . In the pedestal beam, the predicted melt pool was 1.5 mm wide by 0.7 mm 
deep; compared to 1.2 and 0.4 for the Gaussian beam.  
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5 Experimental comparison between Gaussian and HOE beams 
This chapter covers the initial experimental comparison between the 1.25 mm Gaussian and 
pedestal beams, as well as the 3.5 mm Gaussian beam, using the 1.2 kW CO2 laser and pre-
placed wire. The experimental techniques used are described in Chapter  3. 
Laser clad tracks were created at a range of power densities. These ranges were bounded by the 
lowest power density where the wire adhered to the substrate and the highest power density 
where the clad track became so highly diluted that it could no longer be considered a separate 
material from the substrate.  
These maxima and minima were different for the two beam profiles, hence the differences 
between the power density ranges that were tested. 
The number of samples for each beam profile was largely limited by the resolution of the laser 
power meter, which had a maximum precision of ±10 W over a range of 1000 W; hence the 
differing numbers of samples for each beam profile. This also applies to the results in Chapter  6 , 
which focusses on the experimental testing of different wire shapes. 
The results given in Figure  5.1, Figure  5.2 and Figure  5.3 are given in terms of power density, 
which was calculated from the power measured from the power meter connected to the laser. 
Error bars are given in Figure  5.4 in the power axis as a result of this. 
Figure  5.1 shows clad tracks created with a 1.25 mm Gaussian beam on 1 mm diameter round 
wire. 
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Figure  5.1: BF optical micrographs of clad tracks created with a 1.25 mm Gaussian beam on pre-placed 1 mm round 
wire at increasing power densities etched with Kalling’s No.2 reagent 
Figure  5.2 shows clad tracks of the same wire illuminated with a 1.25 mm square pedestal beam. 
In this series, a melt pool is formed more closely to the minimum power density than in 
Figure  5.1 and the melt pool dilutes over a broader range of power densities as a result. 
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Figure  5.2: BF optical micrographs of clad tracks created with a 1.25 mm square pedestal beam on pre-placed 1 mm 
round wire at increasing power densities etched with Kalling’s No.2 reagent 
Figure  5.3 shows clad tracks created using an enlarged 3.5 mm Gaussian beam. This series shows 
an intermediate behaviour to the preceding Figures; Figure  5.1 and Figure  5.2. A melt pool is 
formed easily, in a similar way to Figure  5.2, while mixing over a very narrow power density 
range in a similar way to Figure  5.1. 
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Figure  5.3: BF optical micrographs of clad tracks created with a 3.5 mm Gaussian beam on pre-placed 1 mm round 
wire at increasing power densities etched with Kalling’s No.2 reagent 
A notable factor of these three sets of results is the different power densities required to 
achieve them. Clad tracks created with the 1.25 mm Gaussian beam achieved adhesion to the 
substrate over a range of 400 – 520 W/mm2, whereas those created with the 1.25 mm pedestal 
beam required 170 – 250 W/mm2. The 3.5 mm Gaussian beam required an even lower range of 
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power densities, between 36 – 57 W/mm2. The relationship between total power and power 
density for the three beam types is shown in Figure  5.4. 
 
Figure  5.4: Power vs. power density for 1.25 mm Gaussian, 1.25 mm square pedestal and 3.5 mm Gaussian beam types 
Both the pedestal beam and the 3.5 mm Gaussian beam had the effect of reducing the total 
power input as well as the required power density. Although the 3.5 mm Gaussian beam 
required a similar power input to the pedestal in order to create a clad track, the larger beam 
area meant that this was done with a lower power density. Reduced power density correlates to 
a lower temperature, since the input energy at any particular point is reduced.  
The differences in the relationship between total input power and power density show that 
within the range of beam profiles tested, it is not power density but total power that determines 
whether a melt pool is formed or not. Both the 1.25 mm pedestal beam and the 3.5 mm 
Gaussian beam were tested over a similar range of input powers, with markedly different power 
densities, yet they both created melt pools within that power range. 
It follows that it is the distribution of the power within the laser beam that determines the level 
of the input power. A small TEM00 beam such as the 1.25 mm Gaussian applies a thermal profile 
where most of the power is concentrated at the centre of the wire. This required a far higher 
overall power input to create a melt pool than the more even heat profiles of the 3.5 mm 
Gaussian and 1.25 mm pedestal beam; the additional power being required to raise the 
temperature at the wire edges to compensate for the bias in the Gaussian power distribution. 
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5.1 Wetting behaviour 
Wetting behaviour is drastically different between the three beam types. In all cases initial 
melting occurs at the wire-substrate interface, which is what allows the wire to be attached to 
the substrate while retaining its circular shape at the lowest power densities.  
Progress after this point, as power density increases appears to depend on the level of substrate 
heating compared to wire heating. For the 1.25 mm Gaussian beam, as shown in Figure  5.1, the 
majority of melting occurs at the bottom of the wire and proceeds both into the substrate and 
up into the wire simultaneously. Given the significant mass of the substrate and the fact that 
mild steel is considerably more conductive than AISI 316 stainless steel, it can be concluded that 
the majority of the heat flux here is acting to melt the substrate rather than the wire. This is 
corroborated by the fact that as power density increases; penetration into the substrate also 
increases, whereas the wire maintains its shape. The imbalance between wire heating and 
substrate heating means that a very high power density is required to fully melt the wire; at 
which point the substrate is overheated and full penetration of the wire into the substrate 
occurs. This is illustrated in Figure  5.5, which plots wetting angle vs. power density for all three 
beam types. 
 
Figure  5.5: Graph of wetting angle vs. applied power density for 1 mm diameter round wire illuminated with 1.25 mm 
Gaussian beam, 1.25 mm square pedestal beam and 3.5 mm Gaussian beam types 
Cladding with the 1.25 mm pedestal beam, as shown in Figure 5.2, tells a very different story. 
With a pedestal beam of the same diameter, instead of retaining its shape as with the 1.25 mm 
0
50
100
150
200
250
0 100 200 300 400 500 600
W
et
tin
g 
an
gl
e 
(d
eg
re
es
) 
Power density (W/mm2) 
1.25 mm
Gaussian
laser
beam
1.25 mm
pedestal
laser
beam
3.5 mm
gaussian
90° line 
130 | P a g e  
 
Gaussian beam, the wire is fully melted almost immediately as power density increases. The 
initial fusion of the wire suggests that the melt pool is still originating at the wire-substrate 
interface. However, since the 1.25 mm pedestal puts a great deal more heat into the substrate 
than the 1.25 mm Gaussian beam (as discussed in Section  4.3), the melt pool propagates into 
and melts the wire much more easily at a lower power density. Once the wire is fully melted and 
pooled on the surface, heat now flows into the substrate through the melt pool rather than 
entering the substrate directly. Figure  5.5 shows that this causes a steady wetting angle as 
power density increases, rather than the sudden change shown by the 1.25 mm Gaussian beam.  
With the 3.5 mm Gaussian beam in Figure  5.3, the melting behaviour broadly follows the same 
pattern as the 1.25 mm pedestal, because like the pedestal a large quantity of heat is input 
directly into the substrate. This is why the wetting angle plot in Figure  5.5 follows the same basic 
shape for both of these beams. Unlike the 1.25 mm pedestal beam, once the wire has fully 
melted and pooled on the surface, the substrate is still being directly illuminated by the 3.5 mm 
Gaussian beam. This results in much greater increases in dilution compared to the 1.25 mm 
Gaussian beam, since the mild steel substrate has a far greater absorptivity so more energy is 
absorbed for a given applied power. This results in the wetting angle plot for the 3.5 mm 
Gaussian beam being considerably steeper than for the 1.25 mm pedestal beam. 
5.2 Dilution behaviour 
Figure  5.6 relates overall power input with clad dilution for the three beam types used. Like 
Figure  5.5 the plot is based on 5 samples per data point. Also like Figure  5.5, the 3.5 mm 
Gaussian beam curve includes additional data points at the high-power levels.  
Over the ranges of power densities tested, dilution behaviour shows similarities to wetting 
behaviour as shown when Figure  5.5 is compared to Figure  5.6. Measurements of wetting angle 
are a way of determining whether a clad track has been successfully created or not, as discussed 
in Section  5.1 and measurements of dilution are used as a measure of the quality of the track. 
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Figure  5.6: Graph of input power vs. clad dilution for 1.25 mm Gaussian, 1.25 pedestal and 3.5 mm Gaussian clad 
tracks 
The similarities between the curves for Figure  5.5 and Figure  5.6 are due to the same mechanism 
as described in Section  5.1. 
For the 1.25 mm pedestal clad tracks and the 3.5 mm Gaussian clad tracks, dilution and wetting 
angle increase in a similar way, once the wetting angle is greater than 90° and the wire fully 
melted. For the 1.25 mm Gaussian clad tracks, this happens differently. Dilution increases in 
proportion to wetting angle, but the wetting angle remains below 90° for the majority of the 
range of power densities tested, due to the fact that the wire is not fully melted.  
The gradients of the lines correspond to the behaviour of the clad tracks. In each case, the 
largest gradient occurs when the wire is fully melting and penetrating into the substrate. For the 
1.25 mm Gaussian beam, this happens after the wire has already begun to penetrate, hence 
there is a small amount of penetration initially which increases rapidly once the wire is heated 
enough to melt fully.  
For the 1.25 mm pedestal and 3.5 mm Gaussian beams, the additional heat applied to the 
substrate allows full melting and wetting at lower power densities. At this point the penetration 
into the substrate increases much more gradually with increased power. This is because the 
wider interface between the clad material and the substrate allows greater heat conduction 
from the clad track into the substrate, so it reaches a lower temperature for the given input 
power. This reduces the rate of increase in material transport and therefore reduces the rate of 
increase in dilution. The rate of dilution is greater in the 3.5 mm Gaussian beam than in the 1.25 
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mm pedestal beam, due to the fact that the 3.5 mm Gaussian beam is large enough to continue 
to directly heat the substrate after a melt pool has formed, whereas the 1.25 mm Gaussian 
beam isn’t. Heat transfer to the solid-liquid interface is therefore easier with the 3.5 mm 
Gaussian beam, which allows this interface to propagate further, causing greater dilution. 
5.3 Comparison between low dilution 3.5 mm Gaussian clad track and 1.25 mm 
square pedestal clad tracks 
Two clad tracks were created for the different beam shapes at intermediate power settings 
designed to give melt pools with minimal penetration. These are shown in Figure  5.7. 
 
Figure  5.7: Optical micrographs showing (a) clad track created with a 3.5 mm Gaussian beam and (b) a clad track 
created with a 1.25 mm pedestal beam. Both were etched with Schaftmeister’s reagent and illuminated using 
Diffractive Interference Contrast. 
5.3.1 Comparison of track measurements 
Measurements of the two tracks are given in Table  5.1. The above-surface dimensions of the 
tracks are very similar. The pedestal track gave a width increase of just 9% over the Gaussian 
(a) 
(b) 
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track, with a corresponding reduction in height of 11%, leading to a 21% increase in profile over 
the 3.5 mm Gaussian clad track.  
Table  5.1: Measurement data for 3.5 mm Gaussian and 1.25 mm pedestal HOE low-dilution clad tracks 
 3.5 mm Gaussian clad track 1.25 mm pedestal clad track 
Width (µm) 1838 2010 
Above-surface 
height (µm) 
572 510 
Total cross-sectional 
area (µm2) 
1073500 945800 
Below-surface c.s.a 
(µm2) 
285786 227800 
Penetration depth 
(µm) 
380 140 
 
The major difference between the clad tracks is in their dilution and mixing behaviour, shown by 
the differences in their penetration depths. Cladding with a pedestal HOE produces a clad track 
with a small penetration depth all along its width. In contrast, using a 3.5 mm Gaussian beam 
has no penetration at all at the edges, but has a large region of dilution in the centre of the track. 
This corresponds with experimental results found by Kim and Peng (Kim & Yun Peng 2000a). 
Since reflectivity calculations across the width of the track showed that the two beam shapes are 
absorbed in almost the same way, as is predicted in Sections  4.1 and 0. It follows that the 
differences are in the longitudinal direction, in the way the two beams melt and cool the wire. 
Both clad tracks were created using a traverse speed of 1.6 mm/s. Total irradiation time for the 
3.5 mm Gaussian track was therefore approximately 2.2 s; whereas for the 1.25 mm pedestal 
track, it was 0.8 s. The pedestal track was heated, melted and cooled very quickly, whereas the 
Gaussian profile and length of the 3.5 mm beam in the longitudinal axis created an extended 
period of heating and cooling. This is shown by schematic in Figure  5.8. 
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Figure  5.8: Schematic of thermal cycle times for 3.5 mm Gaussian beam vs. 1.25 mm pedestal beam 
The longer thermal cycle undergone by the 3.5 mm Gaussian clad track means that the clad 
track is held in its molten state for longer, before solidifying. This allows more time for the 
marangoni flow in the track to create mixing with the substrate below; time that is not available 
for the pedestal track. 
5.3.2  Microstructure comparison 
This section deals with a comparison of the metallurgical properties of the two clad tracks. 
Clad track metallurgy 
Etching with Kalling’s reagent revealed an apparently cellular microstructure in general, with 
columnar grains at the base extending upward into the track. Figure  5.9 shows the maximum 
extent of columnar grain growth of the two tracks. The greater length of elongated cells in the 
pedestal track indicate a slower cooling rate compared to the Gaussian track. The large 
penetrated bulge in the Gaussian clad track contributes to this, since that creates a larger 
interface between the clad track and the substrate, giving a greater surface for heat conduction 
and allowing the clad track to cool more quickly. 
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Figure  5.9: BF optical micrographs showing (a) ideal 3.5 mm Gaussian clad track and (b) ideal 1.25 mm pedestal clad 
track. Both etched with Kalling's #2 reagent 
The Gaussian track also exhibits a smaller grain size than the pedestal track. This is shown in 
Figure  5.10, where the Gaussian clad track has a smaller grain size than the pedestal track. 
Measurements of the grain sizes revealed by the Schaftmeister’s grain boundary etch gave a 
mean grain size in the cellular regions of 23700 µm2 for the Gaussian clad track and 30700 µm2 
for the pedestal clad track; an increase of 29.5%. This is backed up later via EBSD mapping. 
   
Extent of columnar grain 
growth 
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Figure  5.10: DIC micrographs of (a) 3.5 mm Gaussian and (b) 1.25 mm pedestal microstructure. Etched with 
Schaftmeister's reagent 
Clad track phase 
EBSD maps were created showing the phase of the clad tracks and the grain size and orientation. 
Figure  5.11 shows maps of the phases present in the two samples. Since the structure of mild 
steel is body-centred, it makes sense that the substrate is red in the maps for both samples. The 
clad tracks themselves however are very different; the 3.5 mm Gaussian clad track is also body-
centred, whereas the 1.25 mm pedestal track has retained the face-centred austenitic structure 
of the original stainless steel. 
(a) (b) 
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Figure  5.11: EBSD phase maps for clad tracks created with (a) 3.5 mm Gaussian beam and (b) 1.25 mm pedestal beam. 
Red is BCC (Body Centred Cubic) and Blue is FCC (Face Centred Cubic) 
This illustrates why dilution is an important factor in assessment of clad track quality, since it is 
dilution that makes the difference in phase. Since steel is an alloy of iron, which is naturally 
body-centred, it follows that steel is itself naturally body-centred. The 316 stainless steel used 
for the clad material is face-centred primarily due to the presence of the nickel alloying element, 
which is austenite promoting (Llewellyn & Hudd 1998). The central bulge in the 3.5 mm Gaussian 
clad track dilutes the nickel, causing the steel to revert to its natural non-austenitic state. Areas 
of blue towards the top of the clad track indicate areas where the Nickel proportion remains 
high enough for the face-centred structure to reform in those locations. 
(a) 
(b) 
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The reduced dilution in the 1.25 mm pedestal clad means that this doesn’t happen, although 
there is still some ferrite present in the structure of the clad track. This is collected in the middle 
of the clad track, not at the outer edges, and is probably δ-ferrite created as a product of the 
different cooling rates at the centre compared to the outside of the track. δ-ferrite was 
identified in the centre of the original wire in Appendix B - Microstructural analysis of parent 
materials from a similar cause. 
Grain size and orientation 
Figure  5.12 shows IFP maps of the two clad tracks. Individual grains are solid colours, with the 
particular colours they have showing their orientation angle. 
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Figure  5.12: Inverse Pole Figure (IPF) maps of (a) 3.5 mm Gaussian and (b) 1.25 mm pedestal clad tracks 
The 3.5 mm Gaussian clad track has much smaller grain sizes than the 1.25 mm clad track.  This 
is due to the increased cooling rate allowed by the additional penetration into the substrate. The 
IPF colouration suggests a high degree of grain alignment on the left hand side, where the grains 
are predominantly a bluish-purple colour, and on the right hand side, where green predominates. 
This suggests a structure with small grains that are closely aligned with each other. 
In contrast, the 1.25 mm pedestal clad track shows a smaller number of much larger grains, with 
a greater degree of misorientation. Large numbers of small grains were detected in the track 
due to the δ-ferrite, but this is due to the presence of δ-ferrite within the larger grains causing 
the detector to count areas of the large grains as several small ones. 
(a) 
(b) 
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Figure  5.13 shows a grain size histogram for the FCC, with large numbers of very small grains and 
much smaller numbers of large grains. 
 
Figure  5.13: Histogram showing frequency of FCC grains at different grain cross-sectional areas 
The BCC histogram for the 1.25 mm pedestal track also shows large numbers of very small grains, 
as shown in Figure  5.14. 
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Figure  5.14: Histogram showing frequency of BCC grains at different cross-sectional areas 
Division according to phase was not possible in the analysis of the 3.5 mm Gaussian track, due to 
the fact that dilution made the whole sample BCC.  
By comparing the sizes in the histogram to the micrograph in Figure  5.12, it is reasonable to 
conclude that the sub-100 µm grain sizes are from the δ-ferrite in the clad track itself, whereas 
the larger grain sizes are present in the substrate. 
Phase segregation 
EDS phase maps showed no segregation within the clad tracks. Distribution of alloying elements 
within the clad tracks was also virtually uniform. Figure  5.15 shows the various regions 
measured for both tracks.  
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Figure  5.15: Graphic showing the areas measured for element distributions 
Table  5.2 Table  5.3 show the proportions of Fe, Cr and Ni within these areas. 
Table  5.2: Element compositions in 3.5 mm Gaussian round wire clad track 
Region number Fe % Cr % Ni % 
1 70.8 13.4 8.0 
2 70.9 13.5 8.4 
3 71.4 12.9 7.8 
4 70.4 14.0 8.4 
5 69.3 13.8 8.3 
6 70.5 13.6 8.3 
7 71.1 13.4 7.9 
8 70.2 14.0 8.5 
9 70.0 13.7 8.2 
 
Table  5.3: Element compositions in 1.25 mm pedestal round wire clad track 
Region number Fe % Cr % Ni % 
1 72.2 15.2 9 
2 71.9 15.8 9.6 
3 71.7 16.1 9.7 
4 72.8 15.3 9.2 
5 71.2 16.2 9.9 
6 71.9 16 9.7 
7 72.1 15.7 9.5 
8 73.2 15.2 9 
 
1 2 
3 4 5 6 7 
8 9 
2 5 3 4 1 
6 7 8 
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These results show uniformity in the distribution of elements across the entirety of the cross-
section of both tracks. There is no apparent migration of alloying elements within the clad tracks. 
Phase maps for both tracks showing Fe, Cr and Ni are given in Figure  5.16. 
 
Figure  5.16: EDS element maps for (a) 3.5 mm Gaussian beam on round wire and (b) 1.25 mm square pedestal beam 
on round wire 
Some segregation is visible around the edges of the penetrated region in the 3.5 mm Gaussian 
track. This shows an increase in Fe concentration and a relative decrease in Cr and Ni in those 
regions. Aside from this, the distribution in this track is uniform. In the 1.25 mm pedestal track, 
there is a similar region at the right hand edge, but this track too is broadly uniform. 
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More detailed studies with higher magnification maps would be necessary for a full analysis, but 
that is beyond the scope of this work. 
5.4 Validation of heat conduction simulations 
Experimental results do not exactly match simulation results; primarily due to the simplicity of 
the simulations. Although direct substrate heating was predicted in simulation, the models 
showed that it would not be sufficient to create melt pools at the wire-substrate boundary. The 
models predict fully melted wires, as opposed to the experimental results which clearly show 
initial melting at the wire-substrate boundary; especially with the 1.25 mm Gaussian beam. This 
is shown in Figure  5.17, with the simulated melt pool highlighted at the bottom of the wire in 
white. 
 
Figure  5.17: Images showing (a) melt pool prediction for 1.25 mm Gaussian beam on round wire (b) experimental 
melting results 
In Figure  5.17, the simulation predicts that wire temperature is at its highest at the top with very 
little substrate heating, whereas the experimental results clearly show melting and fusion at the 
wire-substrate interface. In addition, as previously discussed in Section  5.1, the 1.25 mm 
pedestal and 3.5 mm Gaussian beam simulations both predict higher levels of substrate heating 
with the experimental results also showing that they wet the substrate more effectively at lower 
power densities. 
Taking the simulated and experimental results together, the implied conclusion is that a large 
degree of substrate heating is required in order to form a fully wetted melt pool. The reason that 
the 1.25 mm pedestal and 3.5 mm Gaussian beams are able to wet the substrate more 
effectively is because the substrate is heated directly to a far greater extent than with the 1.25 
(a) (b) 
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mm Gaussian beam. To this extent, the simulations are helpful in the understanding of the 
mechanics of the cladding process. 
Two major omissions limit the accuracy of the conduction simulations, however. Firstly, the 
effects of wire-to-substrate are omitted for reasons detailed in Section  4.3.3. This phenomenon 
is likely to have more effect on the substrates of the 1.25 mm pedestal and 3.5 mm Gaussian 
beams, and a lesser effect on the 1.25 mm Gaussian beam. However, with the 1.25 mm Gaussian 
beam it is possible that this phenomenon could be the cause of the wire-substrate interface 
melting that was not predicted in simulation. 
In addition, melting is not considered. This means that the temperature predictions in simulation 
are not accurate and cannot be relied upon, as once the wire becomes liquid and flows, 
mechanics such as conduction conditions are altered and convective factors are introduced. 
5.5 Chapter summary 
This chapter has covered experiments with a variety of beam profiles on round wire. When the 
1.25 mm pedestal beam was compared to a 1.25 mm Gaussian beam, the use of the pedestal 
beam was found to greatly reduce the required power density, from a range of 400 – 520 
W/mm2 to 170 – 250 W/mm2. Using a 3.5 mm Gaussian beam reduced this still further, to a 
range of 36 – 57 W/mm2. Figure  5.4 shows that the reduction in power density from 1.25 mm 
Gaussian to 1.25 mm pedestal is matched by a corresponding decrease in power. For the 3.5 mm 
beam, the difference in power density was due to the change in beam size. 
Between the 1.25 mm beams, wetting behaviour was improved by the switch from a Gaussian to 
a pedestal heat distribution. The pedestal beam caused a greater level of substrate heating than 
the Gaussian beam, which greatly assisted progression of the melt pool into the wire. Melting of 
the wire with the pedestal beam is also aided by the greater level of heat absorption into the 
wire itself. These phenomena were both predicted by heat transfer simulations in Section  4.3.  
The 3.5 mm beam has a very similar power distribution to the 1.25 mm pedestal over the width 
of the wire, as shown in, and therefore requires a similar level of input power to the 1.25 mm 
pedestal results. The great reduction in power density is due to the increase in beam size for the 
3.5 mm Gaussian beam. The 3.5 mm Gaussian beam showed similar wetting behaviour to the 
1.25 mm pedestal beam, but displayed a greater tendency to dilute into the substrate with 
increased heat input, due to the fact that the beam is large enough to continue heating the 
substrate directly even after a full melt pool is formed by the wire. 
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Further to this, single samples were compared for the 1.25 mm pedestal and the 3.5 mm 
Gaussian beam with low dilution tracks. The most visible difference between them was in 
dilution profile. The 3.5 mm Gaussian beam exhibited a large area of penetration in the centre of 
the track, while the 1.25 mm pedestal beam was largely flat. This resulted in differences in their 
EBSD plots, where the 3.5 mm Gaussian deposition had greatly reduced grain size compared to 
the 1.25 mm pedestal beam, as shown in Figure  5.12. The 3.5 mm Gaussian track exhibited an 
entirely ferritic structure, due to the high levels of dilution caused by the central bulge in 
penetration. The 1.25 mm pedestal, by contrast had an austenitic structure, with regions of δ-
ferrite. This difference is shown in Figure  5.11. EDS maps showed very little segregation within 
either track, with the element distributions virtually uniform. Higher magnification maps and 
more comprehensive analysis would be required for further analysis. 
Experimental results were compared to the heat transfer simulations given in Section  4.3. 
Although the simulations were not accurate in terms of specifics, such as temperature or melt 
pool extents, they were found to be helpful in the understanding of the mechanics of laser 
cladding, especially the importance of substrate heating to the wetting process. Further 
refinements of these models have also been proposed, as and when the capability becomes 
available.  
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6 Experimental comparison between round and flat wire 
A new set of laser clad tracks were developed using a 2 x 2 pedestal laser beam and 2 x 0.3 mm 
316 stainless steel wire, over a range of power densities. As is described at the start of Chapter  5, 
the range was bounded to cover the lowest possible and highest possible power inputs. 
Experiments were conducted in line with procedures outlined in Chapter  3. 
The resultant clad tracks are shown in Figure  6.1: 
 
Figure  6.1: Optical micrographs of clad tracks created with a 2 mm square pedestal beam on pre-placed 2 x 0.3 mm 
flat wire at various power densities 
The use of flat wire gives the ability to create clad tracks at a much lower power density than 
with round wire. Unlike the use of an expanded 3.5 mm Gaussian beam; this can also be 
achieved without any direct illumination of the substrate, since the beam dimensions match the 
wire dimensions. 
55 W/mm2 60 W/mm2 
65 W/mm2 70 W/mm2 
75 W/mm
2
 80 W/mm
2
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The relationship between power and power density for the flat wire with a 2 mm pedestal beam, 
round wire with a 1.25 mm pedestal beam and round wire with a 3.5 mm Gaussian beam is 
shown in Figure  6.2: 
 
Figure  6.2: Power vs. power density for 1.25 mm square pedestal on round wire and 2 mm square pedestal beam type 
on flat wire 
The use of a pedestal beam with flat wire reduces the required power density compared to 
round wire by 68%, with a more minor reduction in overall power input of 18%. By comparison 
to the 3.5 mm Gaussian beam, the pedestal flat wire combination gives a slight increase in 
power density (55 – 80 W/mm2 for the pedestal and flat wire vs. 36 – 57 W/mm2 for 3.5 mm 
Gaussian and round wire), but with a significant reduction in applied power. This demonstrates 
the advantage of using flat wire over simply increasing the Gaussian beam size and using round 
wire. 
The major advantage of the flat wire is the large reduction in power density, largely due to the 
increased size of the beam from a cross-sectional area of 1.56 mm2 to 4 mm2. This reduction 
means that adequate heat input is achieved so as to melt the wire, but that the heat input at any 
point is not excessive and the wire is not overheated. This result is predicted in the conduction 
simulations from  Section  4.3 where the pedestal flat wire simulation predicts melting, but also a 
much lower maximum temperature than with round wire. 
The reduction in power input can be accounted for by the difference in volume between the two 
wire types. Because the flattening process stretches the wire in two directions, both in width 
and length, the cross sectional area is reduced from 0.79 mm2 to 0.6 mm2. Since both flat and 
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round wire were melted for the same 35 mm long track and the wire was stationary, the cross-
sectional area reduction translates directly into a wire volume reduction of 24%.  
6.1 Wetting behaviour 
As Figure  6.1 shows, in contrast to round wire experiments, the flat wire forms a melt pool 
almost immediately. Figure  6.3 shows clad tracks created with pedestal beams using both round 
and flat wire at the minimum power required for adhesion. 
 
Figure  6.3: BF optical micrographs of (a) pedestal beam on round wire at minimum power and (b) pedestal beam on 
flat wire at minimum power 
The use of flat wire gives the ability to form fused clad tracks at a much lower power density. 
170 and 55 W/mm2, for round and flat wire respectively, were the lowest power densities at 
which the wire formed a bond with the substrate. The two wire shapes form melt pools in 
different ways. For round wire, there is a point where the applied power density is high enough 
to cause it to form a bond at its contact point, but not high enough to fully melt the wire and 
form a melt pool (shown at 170 W/mm2 in Figure  5.2), which requires additional energy. The 
contact point therefore bonds first and the fusion bond spreads outwards progressively as the 
additional energy causes the outer parts of the wire to melt and flow. This means that the inner 
part of the wire is in the process of bonding for much longer than the outer part and means that 
the clad dilution that appears at 190 W/mm2 becomes very large, very easily.  
This does not happen with the flattened wire. The flat cross-section means that the wire is in 
contact with the substrate all across its width. This causes fusion to occur simultaneously at all 
points across the width and greatly reduces marangoni flow. This in turn reduces mixing; giving 
(b) (a) 
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the flat interface that is shown at 55 – 65 W/mm2 in Figure  6.1 compared to the more 
penetrated ones in the round wire clad tracks from Chapter  5. 
6.2 Dilution behaviour 
Flat wire has a gentler response to heat input than round wire. This is illustrated by dilution data 
given in Table  6.1 and Table  6.2. 
Table  6.1: Dilution for round wire with 1.25 mm square pedestal beam profile at various power densities 
Power 
density 
(W/mm2) 
Input power 
(W) Dilution (%) 
Standard 
deviation 
170 270 0.2 0.4 
190 300 58.7 9.5 
210 330 59.4 9.9 
230 360 70.6 7.6 
250 390 70.5 12.9 
 
Table  6.2: Dilution for flat wire with 2 mm square pedestal beam profile at various power densities 
Power 
density 
(W/mm2) 
Input power 
(W) Dilution (%) 
Standard 
deviation 
55 220 14.9 10.2 
60 240 15.8 6.0 
65 260 11.4 2.8 
70 280 34.8 5.2 
75 300 39.1 4.6 
80 320 71.4 10.7 
 
For round wire, an increase in power density from 170 to 190 W/mm2 causes an increase in 
dilution of 58.5%. When the wire is flattened, a similar increase from 55 to 75 W/mm2 gives a 
dilution increase of approximately 24%, less than half that of round wire. 
Figure  6.4 cross-references the power density and dilution for the results in Table  6.1 and 
Table  6.2, with error bars set at one standard deviation, based on five results for each data point. 
The ability of the flat wire to form a melt pool more easily gives greater control at low power 
densities than round wire, as shown by the fact that the first three data points show very little 
change in dilution before there is any significant increase. 
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Converting power density back to input power, flat wire has a range of 40 W over which the clad 
dilution can be controlled. For round wire, this range is approximately 10 W. 
 
Figure  6.4: Graph of Power density vs. Dilution for round wire and flat wire using pedestal beams 
The low dilution section of the flat wire curve shows much less sensitivity to power density 
increase, than the corresponding part of the round wire curve. For flat wire, it is possible to 
create clad tracks over a range of 40 W, with little effect on dilution. For round wire, dilution 
increases to around 60% from zero, with very little power increase, giving a power range for 
cladding of approximately 10 W. 
Use of flat wire therefore gives greatly reduced dilution sensitivity to power and helps mitigate 
one of the primary disadvantages of wire feeding compared to powder, its sensitivity to 
processing parameters.  
6.3 Clad track metallurgy 
More detailed optical micrographs were created of the 65 W/mm2 sample from Figure  6.1 (a 
larger version is given in Figure  6.5). This sample was chosen for more detailed analysis because 
it represents the highest input power at which low dilution was achieved.  
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Figure  6.5: BF micrograph of flat wire pedestal clad track created with 65 W/mm2 power density, etched with Kalling's 
#2 reagent 
Grain structure in general is cellular, with columnar growth present in the lower section. Etching 
with Schaftmeister’s reagent and switching to a higher magnification revealed longer dendritic 
grains at the outer edges. Micrographs of these are given in Figure  6.6. 
 
Figure  6.6: DIC optical micrographs of flat wire pedestal clad track created with 65 W/mm2 power density, etched with 
Schaftmeister’s reagent (a) left hand edge and (b) right hand edge 
The etch reveals obvious columnar growth on the left hand side, reaching close to the top of the 
clad track. On the right hand side, the effect is more subtle, but there is clear directionality in a 
number of the grains, extending approximately the same distance upwards as the left hand side. 
The use of flat wire did not exhibit any reduction in grain size over the round wire pedestal beam 
track from Section  5.3. This is shown by their respective EBSD plots, which are given in Figure  6.7. 
(a) (b) 
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Figure  6.7: IPF maps of (a) 1.25 mm pedestal beam on round wire and (b) 2 mm pedestal beam on flat wire clad tracks 
Substrate grain sizes within the two tracks indicate that the flat wire track has generated 
reduced levels of grain growth in the substrate. In the round wire track, grain growth is visible 
down to a depth of approximately 250 µm. In the flat wire, this is reduced by 40% to 150 µm.  
In addition, the flat wire track is much cleaner; not showing the δ-ferrite present in the round 
wire track. This is shown more clearly by the phase maps given in Figure  6.8. 
(a) 
(b) 
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Figure  6.8: EBSD phase maps for clad tracks created with (a) 1.25 mm pedestal beam on round wire and (b) 2 mm 
pedestal beam. Red is BCC (Body Centred Cubic) and Blue is FCC (Face Centred Cubic) 
In the round wire clad, there is a significant quantity of BCC phase in the FCC clad track. When a 
flat wire is used, this is no longer present, except in isolated pixels. 
Like the samples analysed in Section  5.3.2, there is no significant segregation in the clad track. 
Figure  6.9 shows EDS maps for Fe, Cr and Ni.  
(a) 
(b) 
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Figure  6.9: EDS maps for 2 mm square pedestal beam on flat wire 
The distribution of alloying elements within the melt pool is near uniform. This suggests that no 
segregation has taken place. Quantification of the elemental distribution corroborates this, with 
quantities given in Table  6.3, according to the locations given in Figure  6.10. 
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Figure  6.10: Graphic showing the areas measured for element distributions 
 
Table  6.3: Element compositions in 2 mm pedestal flat wire clad track 
Region number Fe % Cr % Ni % 
1 69.4 17.3 10.5 
2 66.6 17.4 10.3 
3 69.4 17.3 10.6 
4 70.2 17.7 10.7 
5 68.8 17.7 10.7 
6 69.4 17.3 10.5 
7 69.2 17.5 10.6 
8 69.9 16.8 10.6 
 
6.4 Validation of melting simulations 
Like Chapter  5, pre-placed wire was used in these experiments in order to match the simulations 
in Section  4.4 as closely as possible.  
Figure  6.11 shows a comparison between experimental results and simulated predictions for the 
pedestal beams on flat wire. The simulated results here are created by plotting the melt pool 
edges at all relative times onto the final 1.5 s time slice. The two comparisons are broadly similar 
but with some subtle differences. 
3 2 1 5 4 
8 7 6 
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Figure  6.11: Comparison between experimental results and simulated melt pool geometries for a 2 mm pedestal beam 
on 2 x 0.3 mm flat wire at (a) 240 W and (b) 300 W. Taken from S. Hou (Hou 2015). 
For Figure  6.11a, the model predicts that solid edges will remain in the wire, whereas the 
experimental result shows that the wire is fully melted. For Figure  6.11b, the predicted dilution 
is greater in the simulation than in the experimental result. 
Both of these differences stem from the same cause, namely that there is a thermally resistive 
layer between the wire and substrate in the experiments that was ignored for simplicity in the 
simulation. Because neither the substrate surface or wire surface are perfectly smooth, there is 
a thin layer of air present between them which serves to inhibit conduction. So at 300 W, the 
simulation predicts a deeper melt pool than that which occurs, and at 260 W, heat is “trapped” 
in the wire for a longer period of time than the simulation predicts, which results in the whole 
wire melting despite this not being predicted by simulation. Wire melting is therefore possible at 
lower powers than the simulation predictions. 
There is therefore a close correlation between simulated predictions and experimental results, 
although further refinement of the model is required to improve precision.  
(a) 
(b) 
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6.5 Chapter summary 
In this chapter, flat wire was compared to round wire using pedestal beam profiles; with respect 
to wetting behaviour, dilution behaviour and clad track metallurgy. Flat wire experimental 
results are also used to validate the welding simulations from Section  4.4. 
Flat wire showed a distinct advantage over round wire with respect to its wetting ability. The 
contact between wire and substrate across the whole width of the wire improved conduction 
into the substrate as well as eliminating most of the requirements for material flow, as shown in . 
This also resulted in a 68% reduction in power density and an 18% reduction in overall power 
required to form a clad track. 
Dilution behaviour with flat wire was also gentler, and therefore less sensitive to processing 
parameters, than round wire. An increase in power density by 20 W/mm2 produced only a 24% 
increase in dilution in flat wire, compared to a 58.5% increase in round wire. 
Optical microscopy showed a generally cellular structure, with obvious dendritic growth at the 
edges, in the flat wire track. EBSD analysis showed that the flat wire track had larger grains than 
the round wire track in Figure  6.7, but didn’t show in Figure  6.8 the δ-ferrite in the centre of the 
track that was present in the round wire. Both of these features are evidence of longer cooling 
times in the flat wire. More investigation would be required in this area, since these conclusions 
are only based on single samples. 
When the experimental results were compared to simulations from Section  4.4 in Section  6.4, a 
close correlation was found between them. Simulation results predicted a greater level of 
conduction into the substrate than occurred in experimental results. The reason for this was 
identified as the interface region between the wire and substrate.  
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7 Nd:YAG laser multi-track deposition 
As described in Chapter  3, further multi-layering was conducted on a 500 W Nd:YAG system. At 
this point, wire feeding was used exclusively. Three objectives were achieved: 
• Vertical layer stacking. Several samples were created with a variety of layer counts, in 
order to study interlayer bonding and grain growth within the structure of the 
deposition. 
• Transverse layer stacking. Clad tracks were deposited next to each other, with the aim of 
covering a surface. 
• Rotational cladding. A fourth rotational axis was added to the laser system, with the 
objective of cladding a pipe. This was in order to combine the previous two objectives in 
order to clad both upwards and sideways. A pipe was chosen, rather than a flat surface, 
due to this being a common application. 
At this point in the investigation, the substrate thickness was increased, as mentioned in 
Section  3.3. This required altered settings from the 0.8 mm thick substrate used for the CO2 laser 
cladding. The Nd:YAG laser was not capable of having HOE’s mounted on it. With respect to the 
Simulation results in Chapter  4, a 4 mm Gaussian beam was therefore used instead; slightly 
larger than the 3.5 mm beam used previously, to account for the greater width of flat wire. 
A notable difference between Nd:YAG wire feeding and CO2 pre-placed tracks was the effects 
that the laser pulsing and feeding process had on the clad track quality. Whereas the CO2 laser 
tracks were continuous, the Nd:YAG tracks always formed droplets. In the case of a good quality 
clad track, the droplets merged into each other to form a continuous track, whereas for a low 
quality track, there was a lack of wetting which caused gaps in the tracks. 
7.1 Comparison between round and flat wire with Nd:YAG-based wire feeding – 
single layer tracks 
Initial comparisons were carried out between the same types of round and flat wire studied in 
Chapters  5 and  6. Arrays of single tracks were created for both wire types and the results 
compared. The only difference in settings was in the wire feed rate required to create a clad 
track, with the flat wire being close to double that of the round wire. Taking the differences in 
cross-sectional area into account, this gives: 
• Round wire deposition rate: 1.45 mm3/s 
• Flat wire deposition rate: 1.77 mm3/s 
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Flat wire produces approximately 22% greater material deposition for identical use of laser 
power, making flat wire deposition a more energy efficient process.  
For the settings given in , each wire shape had a finite range of feed rates over which a 
continuous, fully bonded clad track was possible. If the feed rate was too low, the wire was 
melted before it reached the melt pool and a series of large droplets were created instead. If the 
feed rate was too high, the wire was not melted quickly enough and stubbed through the melt 
pool and out the other side. This is in line with results found by Abioye et al. (Abioye et al. 2013) 
described in Section  2.1.3. 
Figure  7.1 shows top surface images of the two round wire arrays. 
 
Figure  7.1: Single tracks for round wire 
Figure  7.2 shows the equivalent results for flat wire. 
10 mm 
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Figure  7.2: Single tracks for flat wire 
Simple inspection shows that the flat wire tracks appear to be more consistent. Both sets of 
tracks were created under identical conditions, with the only difference between them being the 
shape of the wire. The additional variation in the round wire compared to the flat wire would 
therefore be due to the difference in wire shape. 
Statistical analysis of the tracks bears out this assessment. Each track was measured at its 
central point for width and height above substrate surface. The results are given in Table  7.1 and 
Table  7.2. Standard deviations are based on eight samples. 
Table  7.1: Comparison of clad track width data for round wire vs. flat wire 
 Round wire Flat wire 
Mean track width (mm) 3.36 3.05 
Standard Deviation (mm) 0.33 0.09 
 
Table  7.2: Comparison of clad track height above surface data for round wire vs. flat wire 
 Round wire Flat wire 
Mean track height (mm) 0.57 0.93 
Standard Deviation (mm) 0.23 0.13 
 
Clad tracks created with flat wire showed a significantly greater level of consistency, in both 
height and width, as demonstrated by the differences in the standard deviation. In the case of 
 10 mm 
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clad track width, the flat wire shows more than triple the level of consistency of the round wire. 
With track height, the difference is less extreme, but is still significant. 
The differences in standard deviation between the wire types are a measure of the sensitivity of 
the two processes to changes in processing conditions. Four tracks were created per panel; one 
at each edge and two in the middle. They were therefore subject to changes in heat conduction 
into the substrate, as illustrated by a schematic in Figure  7.3. 
 
Figure  7.3: Schematic of heat loss effects due to beam position on substrate. Red arrows show the heat conduction 
with the beam position: (a) close the edge (b) in the centre 
The tracks created at the edges of the substrate were subject to higher temperatures, which is 
why the round wire has superior continuity in its edge tracks compared to its central tracks. 
Both wire types were subject to the same alterations in conditions, but the flat wire retained a 
much higher level of consistency. This is demonstrated visually in Figure  7.1 and Figure  7.2 and 
numerically in Table  7.1 and Table  7.2. 
Flat wire feeding therefore has the following advantages over round wire feeding, in that it 
exhibits greater material deposition rate for equivalent laser power and traverse speed and 
reduced sensitivity to changes in processing conditions. 
7.2 Vertical layer stacks 
Vertical stacks with 2, 4, 6 and 7 layers were created using the wire-fed Nd:YAG system with flat 
wire. Laser settings were identical to those used for single layer tracks. Initially, the pulse energy 
was reduced from 3.63 J to 3.49 J and used for the 2 and 4 layer stacks. This was found to give 
unreliable deposition, so it was returned to 3.63 J for the 6 and 7 layer stacks.   
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The 2 layer stack is given in Figure  7.4 for the sake of completeness, since it was the first multi-
layer stack created. However it did not prove useful for quantitative analysis due to the small 
number of layers, hence it is ignored for the majority of the analysis in this section. 
Optical micrographs of their transverse cross-sections are given in Figure  7.4. 
 
Figure  7.4: BF optical micrographs of (a) 2-layer (b) 4-layer (c) 6-layer and (d) seven layer clad stacks, etched with 
Schaftmeister’s reagent 
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Figure  7.5 reveals evidence of dendritic grain growth over the layer boundaries of the multi-layer 
stacks from Figure  7.4 (circled in red). 
 
Figure  7.5: BF optical micrograph of layer boundary in 4 layer clad track, showing dendritic grain growth across the 
layer boundary. Etched with Schaftmeister’s reagent 
Layer boundaries themselves were characterised by bands of altered grain structure, revealed by 
the Schaftmeister’s etch. This is shown in Figure  7.6. 
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Figure  7.6: DIC high-magnification micrograph of layer boundary region, showing denser etching, delineated in red 
The use of higher power in the 6 and 7 layer stacks resulted in altered metallurgy in the first 
layer of those results compared to the 2 and 4 layer stacks. This phase change is shown at higher 
magnification in Figure  7.7. 
 
Figure  7.7: Optical micrograph showing increased magnification image of altered 1st layer microstructure 
This shows that the first layer is a formation of bainite/martensite. The two are virtually optically 
indistinguishable, requiring deeper analysis to distinguish. This could be achieved with 
measurement of the cooling rate and comparison to the time-temperature-transformation curve 
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for stainless steel, as well as hardness testing. Such analysis is beyond the scope of this 
investigation so is not presented here. 
EBSD was used to reveal the grain structure of the 4-layer clad track. This was chosen because of 
its high quality and lack of dilution with the substrate. The size of the sample made it impossible 
to cover the whole cross-section with a single map, so two were created. They are given in 
Figure  7.8. 
Grain mapping shows little regard for layer boundaries in the physical microstructure of the clad 
stack. There is consistent anisotropic growth upwards over the entire area of the clad track; 
grains are also larger in the centre than at the edge, indicating a longer cooling time there.  
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Figure  7.8: IPF maps of 4-layer Nd:YAG clad track showing (a) lower layers (b) upper layers 
The combination of optical and SEM microscopy indicates that layer boundaries are largely a 
function of chemistry than physical crystals. The EBSD shows that grain structure and layer 
boundaries are unrelated to each other, with the Schaftmeister’s reagent etching showing that 
the cooling at the solid-liquid interface causes alterations in the chemistry at that boundary. 
EDS maps for the 4 layer track are given in Figure  7.9. 
(b) 
(a) 
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Figure  7.9: Fe, Cr and Ni EDS maps for 4 layer Nd:YAG stack 
Fe and Cr distribution through the stack is virtually uniform, whereas there is visible reduction in 
Ni concentration in the regions of the layer boundaries. This results in local Cr concentrations, 
leading to alterations in phase. These phase boundaries are attacked by Schaftmeister’s leading 
to the visible differences in Figure  7.6. 
Ni 
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Ni 
segregation 
1000 µm 
1000 µm 
1000 µm 
169 | P a g e  
 
Measurements of element percentages reveal an overall uniformity of element distribution 
within the track, notwithstanding the segregation at the layer boundaries. Table  7.3 shows the 
element percentages of Fe, Cr and Ni for each layer. 
Table  7.3: Layer element percentages for four-layer Nd:YAG clad stack 
 Fe % Cr % Ni % 
Layer 1 65.7 19.8 11.7 
Layer 2 64.5 19.3 11.7 
Layer 3 64.4 19.3 11.5 
Layer 4 64.8 19.3 11.6 
 
An oxide map of the clad stack, given in Figure  7.10, reveals that the surface oxide present on 
the single layer clad tracks does not act as an impediment to inter-layer bonding, since no 
oxygen concentrations were detected at the layer boundaries, with oxide clearly visible on the 
surface of the stack at various points. 
 
Figure  7.10: EDS Oxide map of 4 layer Nd:YAG clad stack 
Fusion quality in each stack was defined by comparison of clad width data. Figure  7.11 contains a 
schematic showing the definition of these clad widths. 
1000 µm 
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Figure  7.11: Schematic showing definitions of minimum and maximum clad stack widths 
The ratio of minimum width to maximum width was used to give a measure of the degree of 
fusion and calculated as a percentage. A ratio of 100% would mean that bonding occurs across 
the entire width of the track. Ratios above 100% were evidence of tapering, where the layer 
above was narrower than the interface between it and the layer below. The maximum of width 
of a given layer was compared to the minimum width directly below it, to give a measure of the 
quality of bonding between that layer and the layer below. 
Table  7.4 gives this width data for the 4, 6 and 7 layer clad stacks. The first layer was ignored for 
this analysis since there were no previous layers to compare it to. 
Table  7.4: Maximum, minimum widths and ratios for 4, 6 and 7-layer clad stacks 
  4 layer stack 6 layer stack 7 layer stack 
Layer 
number 
Max 
width 
(µm) 
Min 
width 
(µm) 
Ratio 
(%) 
Max 
width 
(µm) 
Min 
width 
(µm) 
Ratio 
(%) 
Max 
width 
(µm) 
Min 
width 
(µm) 
Ratio 
(%) 
2 2167 2174 100.3 3034 3134 103.3 2674 2712 101.4 
3 1968 1796 91.3 2600 2714 104.4 2345 2295 97.9 
4 1768 1568 88.7 2187 2269 103.7 2273 2180 95.9 
5    1912 1777 92.9 1952 1894 97.0 
6    2016 1753 87.0 1902 1907 100.3 
7       1835 1945 106.0 
  
This data reveals several things. Firstly, the ratios are all above 85%, showing a high level of 
bonding between all layers. Some ratios are above 100%, indicating that the width of the layer is 
actually lower than the boundary beneath it. There is no pattern to the placement of these 100% 
Maximum width 
Minimum width 
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results, they are evenly distributed at the top, middle and bottom, suggesting that it is an effect 
of fluctuations in processing conditions rather than a systematic feature of layering.  
Possible causes include the existence of surface oxide affecting heat flow between layers 
(although EDS maps show that any inter-layer oxide is gone by the time deposition is complete, 
it’s initial presence could have an effect), fluctuations in the surface profile of the previous layers 
created by melt pool flow and variations in the position of the wire as it is fed into the melt pool; 
as well as direct causes such as fluctuations in the laser power output itself. 
Clad track measurements showed a tapering of the stacks as the height increased. The result 
when maximum width was correlated with layer number is shown in Figure  7.12. 
 
Figure  7.12: Graph correlating clad track widths with layer number 
In contrast to common arc and wire cladding, the stacks are wider at the bottom than at the top. 
This is due to substrate heating causing the first layers of the stacks to become wider and flatter. 
Miranda et al. (Miranda et al. 2008) along with simulation results and experimental results in 
Chapter  5 showed that when using a Gaussian beam, the beam must be significantly larger than 
the wire. A large part of the beam is therefore heating the substrate directly with every pass. 
This effect is magnified at higher layer counts where the layer width stabilises at around 2 mm 
but the beam is still 3.5 mm wide. In addition, it is possible that the previously-described wire-
substrate reflection is occurring. The top surfaces of the clad stacks are semi-circular, which 
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would have a similar effect to the laser heating of round wire, as discussed in Sections  4.3 
and  5.4. 
This would suggest that heating of the clad stack occurs simultaneously in two places; at the top 
of the stack due to the heat of the deposition by the laser, and at the base of the stack due to 
heating of the substrate.  The heating at the base could be mitigated by reducing the beam 
diameter as the layer count increases. This would reduce both direct heating, because the beam 
is no longer striking the substrate; and secondary heating by reducing the intensity of the 
portion of the beam that is reflected into the substrate. However, a certain level of secondary is 
unavoidable due to the nature of the process.  
Layer widths for the 4 layer stack are universally lower than for the 6 and 7 layer stacks, due to 
the fact that it was created with slightly lower power. This reveals that there is a relationship 
between power and track width for multi-layering. This difference is close to 1000 µm for the 
first layer, but steadily reduces as the layer count increases. It is possible that if more layers 
were deposited on the four layer stack, the difference would become negligible. The trends on 
the graph suggest that this would happen around layers 8 or 9. A reduced power 1st layer would 
therefore show reduced tapering compared to the results created with higher power levels. 
Multilayering also appears to have a “squashing” effect on the 1st layer. The 6 and 7 layer clad 
tracks were created with identical laser settings to the single layer tracks in Section  7.1. Those 
tracks had a mean track width of 3.05 mm, with a standard deviation of 0.09 mm (data from 
Table  7.1 and Table  7.2). The 1st layer widths of the 6 and 7 layer stacks are approximately 800 
µm greater than this, suggesting that the process of reheating and adding material on top of the 
existing track has forced the previous layer to become lower and wider.  Measurements of layer 
cross-sectional area are given in Table  7.5. 
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Table  7.5: Layer cross-sectional areas for 4, 6 and 7 layer clad stacks 
Layer number 4-layer stack (µm2) 6-layer stack (µm2) 7-layer stack (µm2) 
1 1846500 2641000 2145100 
2 1623200 1926400 1383400 
3 1971900 2100200 1906900 
4 1662700 2047600 2295200 
5  1532100 1898400 
6  2686800 1570800 
7   2541600 
 
The layers with most material are consistently the first and last layer, with the sizes of these 
layers determined by a number of factors. The size of each layer does not necessarily correspond 
to the amount of wire fed into it. There is also the possibility of the layer taking up material from 
the layer below. This can account for the larger amount of material present in the top layers of 
the 6 and 7 layer stacks, although the 4 layer stack did not do this. Extra material in the bottom 
layers can be accounted for by their penetration into the substrate. Table  7.6 compares the 
cross-sectional area of the 1st layers for each of the stacks with their respective depths of 
penetration below the surface of the substrate. 
Table  7.6: 1st layer penetration depths vs. cross-sectional area 
 4-layer stack 6-layer stack 7-layer stack 
Depth of penetration 
(µm) 
0 469 246 
1st layer cross-
sectional area (µm2) 
1846500 2641000 2145100 
 
Between the 4 and 6 layer stacks, a penetration depth difference of 469 µm results in a cross-
sectional area difference of 794,500 µm2. The difference in penetration depth between the 7 
layer and 4 layer is approximately 52% of the difference between the 4 and 6 layer stacks, 
resulting in a cross-sectional area difference that is approximately 38% of that between the 4 
and 6 layer stacks. Penetration depth and layer cross-sectional area are therefore related to 
each other, but are not directly proportional. Other factors will therefore be involved, with more 
data required to draw definitive conclusions. 
Ignoring the top and bottom layers of each stack, the measurements of the intermediate layers 
can be used to give a measure of the consistency of the layering process, since each 
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intermediate layer is positioned on top of a preceding layer and is followed by a subsequent 
layer. Considering just these layers gives the results shown in Figure  7.13. Each point represents 
the mean layer size for that stack, with the error bars representing the standard deviation of the 
individual layers within that stack. 
 
Figure  7.13: Graph showing variation in layer sizes for multilayer clad stacks 
There is no clear upwards or downwards trend in the mean cross-sectional area, which stays 
approximately consistent between the stacks. There is greater variation in the 6 and 7 layer 
stacks, due to the increased number of layers under consideration – four for the 6 layer and five 
for the 7 layer, vs. two for the 4 layer. More samples with greater numbers of layers would be 
required in order to show the consistency of layer areas conclusively. 
7.3 Horizontal layer stacks 
A four layer side-by side clad track was created on a 2 mm thick substrate. After the initial stack, 
subsequent layers were created with identical settings. To achieve a consistent track thickness, 
an overlap was required. To create this each layer was offset by 2.5 mm, compared to the mean 
individual track width of 3 mm. The resultant side-by-side stack is shown in Figure  7.14. 
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Figure  7.14: BF optical micrograph of four layer horizontal clad stack etched with Schaftmeister’s reagent, original 
substrate surface is shown by the red line 
Measurement of track heights were taken using the same principle as for vertical stacks shown 
in Figure  7.11, with vertical measurements taken at the centres and boundaries of individual 
tracks. The measurements were taken as the track height above the substrate surface, not the 
total track height including the diluted portion. Measurements are given in Table  7.7. 
Table  7.7: Stack height measurements for 4-layer horizontal clad stack 
 Mean (µm) Standard deviation (µm) 
Track height 840 75 
Interface height 730 160 
 
These measurements result in a surface roughness Ra value of 116 µm. It is possible that that 
this could be improved via parameter refinements. If a specific quality of finish was required, it 
would be achieved through the post-machining of deposited layers, in a similar way to methods 
described in Section  2.1.6. 
Overall dilution was 20%. In Figure  7.14 the deposition was carried out from right to left, with 
the rightmost track being the first one deposited.  This exhibited very low penetration, with the 
majority coming from the subsequent tracks. These tracks were created immediately after the 
previous track, and since the tracks were only 35 mm long, there would not have been sufficient 
time for them to cool back to room temperature before being reheated. The high temperature 
of the substrate was therefore maintained between tracks, causing further penetration in 
subsequent tracks after the first one. This would be mitigated in reality by either allowing 
cooling time between track depositions, or using a temperature feedback system to adjust laser 
power to compensate. 
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 Subtracting the below-surface cross-sectional area from the total cross-sectional area for each 
layer gives a measure of the size of each layer, disregarding dilution. These measurements are 
given in Table  7.8. 
Table  7.8: Track cross-sectional area measurements for 4-layer horizontal clad stack 
 4th layer 3rd layer 2nd layer 1st layer 
Total c.s.a (µm2) 2471900 2748500 2588200 1752600 
Below-surface 
c.s.a. (µm2) 420800 608600 506900 94800 
Layer c.s.a (µm2) 2051100 2139900 2081300 1657800 
 
The 2nd to 4th layers show a high level of consistency in their sizes, with the first layer showing a 
reduction of around 20%. A large part of the variation in the total cross-sectional areas of the 
layers was due to the variations in dilution. 
A high magnification micrograph of a typical layer boundary is given in Figure  7.15. The nature of 
the boundary is similar to the vertical clad stacks in that it is characterised by a narrow band of 
fine etching along the interface line. This band is narrower than that created by the vertical clad 
stacks, at 50 µm rather than 100 µm. 
Dendritic grain growth between layers is greatly reduced compared to the vertical layer stacks. It 
is probable that this is due to the fact that all the clad layers are in direct contact with the 
substrate, meaning that each layer conducts its heat into the substrate rather than solely 
through the previous layer. The reduced heating of the previous layer gives less opportunity for 
grain growth.  
EBSD analysis to show the physical microstructure, and a greater quantity of samples, would be 
needed to characterise this in more detail. 
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Figure  7.15: High magnification DIC optical micrograph of interlayer boundary for 4-layer horizontal clad stack, etched 
with Schaftmeister's reagent 
7.4 Cladding around a pipe 
Pipe cladding experiments were conducted using the equipment described in Section  3.3.3, 
discussing single layers, vertical stacks and thermal studies carried out with spiralled horizontal 
stacks. 
The parameters used for this system were based on those in  used for the flat-substrate Nd:YAG 
in wire feeding experiments with minor alterations: 
• Starting delay was reduced from 20 to 15 seconds for the laser and 18 to 13 seconds for 
the wire feeder. 
• The wire feed rate was increased from 3.1 mm/s to 3.4 mm/s. 
• The 55 mm/min traverse of the x-y stage in the flat experiments translated into a 
rotational speed of 1.94 deg/s. 
• Laser pulse and power settings remained the same. 
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During the deposition process, the stage was continuously rotated while the y-axis was 
translated, allowing a length of pipe to be coated in one continuous process. These experiments 
afforded the opportunity to deposit material over much greater lengths and gave considerable 
information on the process.  
The length of wire required for a one-circumference single track was approximately 600 mm, vs. 
35 mm for previous experiments. A more stringent wire shaping procedure was therefore 
required, involving multiple passes through semi-circular notched rollers in order to introduce 
longitudinal stresses into the wire before the flattening process itself. This greatly reduced the 
instance of kinks and bends in the wire and made it possible to feed the wire uninterrupted for 
the extended lengths of time required for cladding whole pipe revolutions. 
Pipe clad results were cleaned via bead-blasting after deposition, in the same way as the pipes in 
Chapter  3. This accounts for the silvery colour of the tracks. The bead-blasting process was not 
capable of removing all surface oxide, hence the existence of dark patches on the external 
photos of the pipe cladding results. 
Multiples of samples were not created for this study. The pipe cladding experiments were 
intended as a feasibility study; firstly to show that it was physically possible and secondly to 
establish parameters which can be used as starting points for further experimentation. Further 
study would utilise the systematic techniques used for Chapters  5 and  6, with different 
parameters tested using multiples of samples for each. 
7.4.1 Experiments with single tracks 
Figure  7.16 shows a length of pipe with a single 360° track laid on the surface, after it has been 
cleaned via bead blasting. 
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Figure  7.16: Images showing (a) isometric view of clad track on pipe (b) close-up top-down clad track 
A high level of consistency in the clad track was achieved. Dilution tended to increase slightly 
over time due to heat build-up in the pipe, as observed by a slight width increase in the track. No 
further analysis was conducted in this study.  
Figure  7.17 shows an optical micrograph of the clad track cross-section. 
 
Figure  7.17: BF optical micrograph showing cross-section of single layer pipe clad track. Etched with Schaftmeister's 
reagent 
This reveals a well-bonded, if over-penetrated track. Further development would require a 
detailed study of laser parameters in order to minimise dilution.  
(a) (b) 
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7.4.2 Experiments with vertical stacks 
Several experiments were conducted in the creation of vertical stacks on pipes. Figure  7.18 
shows isometric images of the successful multi-layer tracks that were created. 
 
Figure  7.18: Isometric images of (a) 2 layer and (b) 4 layer vertical pipe clad stacks 
The four layer stack is shown in cross-section in Figure  7.19. Its structure is very similar to the 
four layer stack discussed in Section  7.2. 
 
Figure  7.19: BF optical micrograph of four layer pipe clad track etched with Schaftmeister’s reagent. 
(a) (b) 
5 mm 4 mm 
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Figure  7.20 shows an attempt to grow an overhanging clad stack. For this, the same conditions 
as for the four layer vertical stack were used, but the pipe was offset by 0.5 mm in the 
longitudinal axis after each layer. Figure  7.20a and b show the overhang that was created. 
 In the sectional micrograph given in Figure  7.20c, the direction of the pipe movement is shown 
by the red arrow, causing the clad stack to be tilted in the opposite direction. 
 
Figure  7.20: Four layer tilted clad track (a) isometric external image of sloped side, (b) isometric external image of 
overhanging side (b) BF optical micrograph showing cross-section, etched with Schaftmeister’s reagent 
The stack has greater surface roughness than the vertical four layer stack in Figure  7.18.  The 
roughened area on the right hand side in Figure  7.20b is caused by the build-up of oxide, which 
is bounded by the blue line. When viewed isometrically in Figure  7.20a, it appears that this has 
been caused by very high temperatures, the rough surface caused by strong material flow in the 
melt pool.  
In addition, the level of dilution is greatly increased compared to the four layer stack shown in 
Figure  7.19, despite using identical power and traverse settings. Offsetting the pipe to create a 
tilted track combines with the use of an expanded Gaussian beam, meaning that the lower 
layers are directly exposed to the laser beam in subsequent passes, causing the resultant 
increase in penetration. 
(c) 
6 mm 
5 mm 
(a) 
(b) 
182 | P a g e  
 
7.4.3 Thermal inertia, heat build-up and multiple revolutions 
Figure  7.21 shows a top down image of two pipe tracks side by side, with their order labelled. 
These were created in a continuous spiral by traversing the pipe longitudinally at the same time 
as it rotated. 
 
Figure  7.21: Top-down image of single layer clad tracks spiralled around the pipe 
Evidence of heat build-up is shown by the differences in their sizes; the track width being greater 
in the second track than the first. When a circuit is completed, the starting point has not had 
sufficient time to cool so the second revolution begins at a higher temperature. 
This thermal build-up is shown in Figure  7.22, giving thermal images of several revolutions of 
continuous deposition. Each thermal image was created three seconds after the process was 
complete. All spirals were created with no alteration of laser power. 
1st track 
2nd track 
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Figure  7.22: Thermal images of spiralled pipe cladding process (a) 1 revolution, (b) 2 revolutions, (c) three revolutions 
and (d) four revolutions 
With increased layer count, the overall temperature in the pipe is increased, as shown by the 
increasing thermal emission.  
The first revolution requires a high power to heat the processing zone from room temperature 
to its melting point and create a melt pool. This causes pre-heating in the pipe which causes 
subsequent revolutions to begin at a higher temperature. Since the processing presented in 
Figure  7.22 maintained the power for all revolutions, this caused heat build-up in the pipe. 
In subsequent experimentation, the pulse heights were reduced to 16, 18 and 20% for all 
revolutions after the first one (which was at 22%). The concept here was to prevent heat build-
up and maintain the processing zone at the required temperature, without causing extraneous 
heating. 
Thermal images of these tests are given in Figure  7.23.  
(a) (b) 
(c) (d) 
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Figure  7.23: Thermal images of different numbers of revolutions for subsequent Nd:YAG laser pulse heights of (a) 16%, 
(b) 18% and (c) 20% 
Temperature measurements were taken from the centre of the processing zones concurrently 
with these thermal images. The temperature measurements are given in Table  7.9. 
 
 
2 revolutions 3 revolutions 
2 revolutions 3 revolutions 
2 revolutions 3 revolutions 
(a) 
(b) 
(c) 
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Table  7.9: Temperature measurements for multiple pipe revolutions carried out at varying power levels 
 16% power 18% power 20% power 
2nd revolution 870°C 1470°C 1610°C 
3rd revolution 880°C 1430°C 1480°C 
 
Since the measurements were taken three seconds after the process was complete, the samples 
were cooling for a short time. However this time was equal for all the samples, allowing direct 
comparison.  
At 16%, the temperature is reduced by at least approx. 550°C after three seconds. This is a 
minimum value because the melt pool was almost certainly at a temperature higher than the 
melting point. This means that a reduction to 16% is too great. At 18 and 20%, very similar 
temperatures are recorded.  
The results presented here are based on very few data points, which does not allow conclusive 
statements to be made. The results suggest that some kind of reduction in power after the first 
revolution is necessary in order to compensate for temperature build up and that this should be 
in the region of a reduction from 22% down to around 18-20%.  
7.5 Chapter summary 
In this chapter, wire feeding with a Nd:YAG laser was studied and several conclusions were 
drawn. When flat wire was compared to round wire in Section  7.1, it was found that it was 
possible to achieve an increase in deposition rate of 22% when using flat wire with no increase in 
input energy. This was repeated with eight samples for each wire type. The sensitivity of feeding 
with the two wire types was also discussed in this section. Flat wire cladding was found to give 
greater consistency in clad track measurements under varying processing conditions with 
standard deviations based on eight samples between a third and half that of round wire for clad 
widths and heights. 
Multi-layering was then attempted with three samples of varying layer counts, totalling 17 layers. 
Layer bonding was consistently high quality for all layers, with the bonding width always above 
85% of the total width. This is shown in Table  7.4. Side surface roughness had an Ra value of 116 
µm, smoother but at a similar order of magnitude to results from Song et al. (Song et al. 2005). 
Improvement in this value has previously only been achieved by post machining. 
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Fewer results were created for horizontal layer stacking. In this case, only a single sample was 
prepared, with four layers. For this reason, the conclusions that can be drawn from this carry 
limited authority since statistical data was not available. Dendritic growth from layer boundaries 
was more limited in extent due to the fact that each layer was also in direct contact with the 
substrate and therefore cooled more quickly than vertical layer stacks. The difference in height 
between the means of the maxima of each layer and the interfaces between the layers was 100 
µm. To create a flat surface of a specified Ra number, some kind of post-machining process 
would be required. Further investigation would be required in order to establish the level of 
smoothness that can be achieved by laser deposition alone. 
Rounding off this chapter is a feasibility study of cladding around a pipe. This was intended to 
establish firstly whether it was possible to apply flat wire cladding to a rotating pipe, and 
secondly to generate laser parameters which would make a starting point for further 
development. Pipe cladding experiments showed that single layers were possible and that 
vertical stacks were also possible, with the settings given in Section  7.4. Horizontal stacks were 
not created, but a limited thermal analysis of heat build-up when horizontal stacking was 
attempted showed that a level of power reduction is required to keep temperature levels stable. 
Results suggested that this be a reduction from a 22% pulse height to a 18 – 20% pulse height. 
These results provide a good starting point for further research.  
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8 CO2 multi-track deposition 
CO2 laser multi-track experiments were completed using a pedestal HOE with pre-placed flat 
wire. Like Chapter  7, this was intended as a feasibility study in order to draw some initial 
inferences and possible directions for further development. 
A detailed multi-sample analysis of two-layer stacking was completed in order to determine if 
there was a required power reduction as layer count increased, and what level of reduction was 
required. This was done with two layer stacks. Several multi-layer stacks were then created with 
varying layer counts.  
8.1 Two layer stacks 
This section details power reduction analysis with two layer clad stacks. Research by 
Jendrzejewski et al. (Jendrzejewski et al. 2004) showed alterations in cooling rate as the layer 
count increased in vertical stacks for both B10 bronze and Stellite-6. Beam intensities for Stellite 
and bronze were reduced to 80 and 70% of the first layer power respectively for their upper 
layers. 
This is line with Toyserkani (Toyserkani et al. 2005) who gives the temperature distribution in the 
clad track as a function of traverse rate and three-dimensional conduction into the substrate; 
conduction that is reduced at higher layers. 
Heat build-up from multi-layering was found to be an issue in pipe cladding experiments in 
Section  7.4. For these experiments, tracks were kept down to 35 mm in length to reduce heat 
input  and allowed to cool between layers in order to eliminate leftover thermal inertial effects. 
In a similar fashion to Chapter 7, and for the same reason, repeatability was not measured in 
this study.  
8.1.1 Laser power reduction with layers 
Two layer clad tracks were created with the second layer at 100%, 90%, 80% and 70% of the 
power of the first layer, which was set at 65 W/mm2. Second layer reductions ceased at 70%, 
where the second layer remained attached but did not form a bond with the layer below. 
The first layer power level was chosen so as to guarantee a successful first layer fusion bond, but 
retaining minimal dilution, as described in Section  6.2. Results are given in Figure  8.1. 
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Figure  8.1: BF Micrographs of two-layer clad tracks with 2nd layer power varying as a ratio of 1st layer power, etched 
with Schaftmeister’s reagent 
8.1.2 Effects on the substrate 
Every sample has a thermal effect on the substrate in some fashion, depending on the level of 
power in the second layer of the clad track. Samples were etched with 2% Nital to reveal the 
microstructure of the mild steel substrate.  
These results show differing levels of substrate effects, depending on the power of the second 
layer, with two main regions of damage. The overall heat affected zones in are characterised by 
a reduction in grain size vs. the parent metal. The second region is a region of grain enlargement 
directly adjacent to the clad track – substrate interface.  
These regions are highlighted in Figure  8.2, using the 100% sample as an example, along with 
dimensions that show the criteria for measurement. The overall heat affected zone is measured 
according to the distance between its extents, whereas the grain enlargement zone is measured 
according to the perpendicular distance between it and the clad track-substrate boundary. 
100% 90% 
80% 70% 
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Figure  8.2: BF optical micrographs showing heat affected zone regions in the substrate for two-layer cladding. Etched 
with 2% Nital 
The results are divided into two groups. Figure  8.3 shows the results for 100% and 90% second 
layer power, and Figure  8.4 shows the results for 80% and 70% second layer power. 
 
Figure  8.3: Micrographs showing substrate microstructure for 100% and 90% second layer power etched with 2% Nital 
reagent and using BF illumination. 
Overall heat affected zone 
boundary 
Grain enlargement region 
boundary 
100% 
90% 
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For the results shown in Figure  8.3, heat damage reduces as the 2nd layer power is reduced and 
there are clearly defined regions of grain growth. The measurements for these are given in 
Table  8.1, according to the scheme shown in Figure  8.2, accurate to two significant figures. 
Table  8.1: Heat affected zone measurements for 100% and 90% second layer power samples 
 Heat affected zone width (µm) Grain enlargement region (µm) 
100% 5500 440 
90% 5000 240 
 
Proportionally, a much greater reduction occurs in the grain enlargement region than in the 
overall width of the heat affected zone. The slight reduction in the HAZ width reveals that there 
is a still a considerable amount of heating in the substrate, but that it only reaches a 
temperature sufficient for grain enlargement in a much-reduced area. This shows a reduced 
heat flux into the substrate from the second layer, due to the fact that the second layer power 
has been reduced. 
Figure  8.4 shows that when 2nd layer power decreases enough so as to no longer drive dilution, 
this also has a strong effect on substrate thermal damage. 
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Figure  8.4: Micrographs showing substrate microstructure for 80% and 70% second layer power etched with 2% Nital 
reagent and using BF illumination. 
The overall heat affected zone width is reduced to 4300 µm and 3700 µm for the 80% and 70% 
sample respectively.  
However, the grain growth region is almost eliminated. In the 80% sample, some grain growth is 
present, but it is vastly reduced in magnitude compared to the 100% and 90% samples. The 70% 
sample exhibits no meaningful grain growth at all. Since the second layer in the 70% sample did 
not fully bond to the first layer, this suggests that the grain growth in the substrate is largely due 
to the heat from the second layer. The second layer has some effect on the overall heat affected 
zone width since the width of this zone reduces linearly with second layer power, but the bulk is 
provided by the first layer, since even with a 70% second layer, the heat affected zone with is 
still 67% of what it was with a 100% second layer. 
80% 
70% 
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8.1.3 Inter-layer mixing 
The use of Schaftmeister’s reagent, a grain boundary etch, revealed the extent of the second 
layer. As long as the level of heat input required to achieve inter-layer bonding was achieved, 
the position of layer boundary was dependent on laser power. At higher powers, the second 
layer incorporated material that was originally part of the first layer. Table  8.2 and Table  8.3 give 
cross-sectional area measurements showing the proportion of total clad material present in the 
first and second layers. 
Table  8.2: 1st layer cross-sectional area as a proportion of total cross sectional area (3 significant figures) 
2nd layer power 
proportion (%) 
Total cross 
sectional area (µm2) 
1st layer cross-
sectional area (µm2) 
Proportion of total 
material in 1st layer (%) 
100 1,720,000 276,000 16 
90 1,490,000 371,000 25 
80 1,260,000 416,000 33 
70 1,260,000 664,000 53 
 
Table  8.3: 2nd layer cross-sectional area as a proportion of total cross sectional area (3 significant figures) 
2nd layer power 
proportion (%) 
Total cross 
sectional area (µm2) 
2nd layer cross-
sectional area (µm2) 
Proportion of total 
material in 2nd layer (%) 
100 1,720,000 1,440,000 84 
90 1,490,000 1,120,000 75 
80 1,260,000 846,000 67 
70 1,260,000 589,000 47 
 
At 70%, the proportion of the second layer is slightly less than half, a difference accounted for by 
the dilution in the first layer artificially increasing its cross-sectional area. There was no bonding 
between layers at this power level due to insufficient energy  
Power sufficient to cause full bonding was achieved at 80%, where the proportion of the second 
layer was approximately two thirds of the total cross-sectional area, an increase of 20%. Any 
increase after this gives a linear relationship between power level and second layer penetration, 
as shown in Figure  8.5. 
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Figure  8.5: Correlation of 2nd layer proportion with 2nd layer power level 
This phenomenon is similar in principle to the bonding behaviour in Chapters  5 and  6, where 
round and flat wire bonding to the substrate were compared. Here, the situation is the direct 
opposite of the round wire case; whereas that was a round wire being bonded to a flat surface, 
this is a flat wire being bonded to a rounded surface. This has the same effect, where heat 
conduction and bonding occurs first in the centre and then at the edges once they have melted.  
This is illustrated in Figure  8.6, with the heat flux illustrated with red arrows. 
 
Figure  8.6: Schematic showing flat wire placement on pre-existing clad layer, heat flux is illustrated with red arrows 
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If there is insufficient heat present in the second layer to cause melting in the first layer, then no 
bond is formed, and the second layer merely forms a round ball on the surface. This is what is 
shown at 70% in Figure  8.1. 
This raises the possibility of having multiple shapes of wire, depending on the substrate surface. 
With an initial clad track laid down on a flat substrate, the flat bottom surface of the flattened 
wire gives uniform physical contact across the whole width. This changes when the substrate 
consists of an existing clad layer or stack, due to their curved top surfaces. For subsequent layers, 
a wire with a curved lower surface could be swapped in to compensate. 
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8.1.4 Layer boundary metallurgy 
A higher magnification optical micrographs of the interface between the 1st and 2nd layer were 
created for the 80% sample. These are shown in Figure  8.7. 
 
 
Figure  8.7: Optical micrographs of 80% 2-layer clad track with (a) full image of clad track etched with Schaftmeister’s 
reagent using BF illumination (b) high magnification micrograph of the interface zone etched with Schaftmeister’s 
reagent and illuminated with DIC. 
This figure reveals that the boundary layer is amorphous, compared to the dendritic structure 
present directly above and below it, and is approximately 30 µm wide. The grain-boundary etch 
used has barely touched it.  
 
(a) 
(b) 
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In the two-layer clad tracks, there is therefore an interface layer between the two main layers, 
from which the dendrites for the second layer propagate upwards. This is shown in a zoomed in 
image in Figure  8.8. 
 
Figure  8.8: Zoomed in optical micrograph of interface region, etched with Schaftmeister’s reagent and illuminated with 
DIC 
Running along the centre of the boundary layer, is another thin line, shown in Figure  8.8 as a 
slight discolouration in the centre of the boundary layer. Its position in the dead centre of the 
boundary suggests that this is the point where the layers meet, and the regions to either side of 
it are the areas where the grains from one layer end and the next layer begin. 
This behaviour is different when the second layer power is high enough to increase 1st layer 
dilution and alter its metallurgy. This is exhibited in the 90% and 100% clad tracks, where the 
layer boundary is less clearly delineated. This is shown in Figure  8.9 for the 100% and Figure  8.10 
for the 90% samples. 
 
Actual boundary between 
layers 
Interface region 
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Figure  8.9: Layer boundary for 100% 2-layer sample etched with Schaftmeister’s reagent and illuminated with DIC  
 
Figure  8.10: Layer boundary for 90% 2-layer sample etched with Schaftmeister’s reagent and illuminated with DIC 
Layer boundary 
Layer boundary 
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For the 100% and 90% samples, the boundary between layers is defined by a difference in 
microstructure caused by dilution from the substrate. In the 100% sample, this is very ferritic, 
which is reduced in the 90% sample due to the lower levels of dilution at that power level. 
8.1.5 Layer metallurgy 
At higher powers, the additional heat from the second layer affected the first layer and 
increased its penetration into the substrate. This was undesirable, since the aim was to add a 
second layer without affecting the substrate at all. At 80% second-layer power the penetration 
into the substrate was the same as at 70%, where not enough heat was applied for the two 
layers to merge. This is shown in Figure  8.11 with the substrate top surface delineated in red. 
 
Figure  8.11: BF micrographs showing penetration into the substrate by two-layer clad tracks with the second layer at 
(a) 70% and (b) 80% of the first layer power etched with Schaftmeister’s reagent.  
The total cross-sectional area of the clad tracks is given in Table  8.4. This shows that the second 
layer only begins to increase dilution in the substrate when it is >90% of the power of the first 
layer. The cross-sectional area is almost identical between 70% and 80%, showing that there is 
no increase in substrate dilution between these two powers. 
 Table  8.4: Total clad track cross-sectional area  
2nd layer power proportion (%) Total cross sectional area (µm2) (4 sig. fig.) 
100 1723000 
90 1486000 
80 1260000 
70 1261000 
(a) 
(b) 
199 | P a g e  
 
At 90%, the first layer is heavily penetrated into the substrate and the second layer boundary 
penetrates almost to the level of the substrate top surface. At 100%, both layers are penetrated 
into the substrate. This is shown in Figure  8.12, where the substrate top surface is delineated in 
red and the first-second layer interface is delineated in green. 
The heat conduction from the second layer is therefore capable of driving the clad track deeper 
into the substrate, even when the second melt pool doesn’t completely melt the first layer. 
Since the first layer isn’t liquid when this additional penetration happens, this suggests that this 
additional penetration is caused by grain expansion in the first layer absorbing material from the 
substrate. This would alter the alloy composition of the first layer with respect to the second 
layer, which is visible in the clad tracks in Figure  8.12 since the first layer has etched differently 
to the layer above, shown by its darker colour.  
 
Figure  8.12 BF micrographs of second layer penetration compared to substrate top surface with second layer power of 
(a) 90% and (b) 100% of first layer power, etching with Schaftmeister’s reagent 
Higher magnification micrographs of the 100% sample age are given in Figure  8.13, showing the 
change in microstructure between the layers in more detail. 
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Figure  8.13: Optical micrographs of the 100% sample showing (a) the full clad track etched with Schaftmeister’s 
reagent and the differences in microstructure of (b) first layer and (c) second layer, etching with Kalling's #2 reagent 
and illuminated with DIC 
The first layer shows significant dilution from the substrate. The high level of etching with 
Kalling’s #2 reagent suggests high levels of ferrite in the layer, in contrast to the austenite of the 
original stainless steel wire. This is consistent with the theory of additional dilution due to the 
second layer, which retains its austenitic structure.  
The 1st layer by itself has been previously determined to cause very little dilution. This means 
that the 2nd layer is primarily austenite due to its mixing with the austenitic 1st layer, which 
becomes ferritic due to mixing with the substrate, diluting the austenising alloying elements in 
the stainless steel. 
When a clad track is created at 90%, this effect is reduced. Figure  8.14 shows a high 
magnification micrograph of the 90% sample layers. 
 
(b) (c) 
(a) 
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Figure  8.14: Optical micrographs of 90% 2-layer clad track showing (a) overall clad track and (b) metallurgy of 1st and 
2nd layer, etched with Kalling’s #2 reagent and illuminated with BF illumination 
The 90% clad track displays evidence of both austenite and bainite/ferrite in its first layer 
microstructure. Unlike the 100% clad track, the second layer exhibits very little secondary 
dilution from the substrate and is purely austenitic, as shown in Figure  8.15. 
 
(a) 
(b) 
 
Austenitic 
formations 
  
  
 
Bainitic/ferritic 
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Figure  8.15: Optical micrographs of 90% 2-layer clad track showing (a) overall clad track and (b) metallurgy of 2nd layer, 
etched with Kalling’s #2 reagent and illuminated with BF illumination 
8.2 Multi-layer stacks 
Several tests were conducted with pre-placed wire to experiment with stacking multiple layers 
on top of each other, to evaluate the quality of inter-layer bonding and clad track density.  Layer 
stacks comprising 4, 6 and 10 layers were achieved.  
These tracks were created based on the two-layer results of 65 W/mm2 for the first layer with 
each subsequent layer at 80% of that.  
 
  (a) 
(b) 
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8.2.1 4 and 5 layer clad stack 
 
Figure  8.16: Optical micrographs of (a) four layer and (b) five layer clad stacks created with flat wire and 2 x 2 mm 
pedestal laser beams. Etched with Kalling's #2 reagent 
Unlike the Nd:YAG multilayer stacks in Section  7.2, the four and five layer CO2 clad stacks show 
smooth sides, with side roughness bearing no relation to the position of layers. Both multilayer 
stacks show considerable penetration into the substrate, unlike the studies of penetration into 
the two-layer tracks in Section  8.1.5. This suggests that increasing the layer count above 2 layers 
with the same heat input as the 80% reduced power discussed in Section  8.1 causes additional 
penetration in the substrate. Further power reductions may therefore be necessary when 
increasing the layer count. 
An IPF map of the four layer stack shown in Figure  8.16 is given in Figure  8.17. Like the four-layer 
Nd:YAG multilayer IPF map given in Section  7.2 (Figure  7.8), the grain structure bears no relation 
to the positions of the individual layers. Unlike the IPF maps in Figure  7.8, the grains also display 
no directionality. This would give reduced strength in the vertical axis compared to the Nd:YAG 
deposition, but would make it much more isotropic.  
In order to establish the truth of this assertion, IPF maps of longitudinal sections, as well as 
cross-sections would need to be created, and in greater numbers than a single sample. 
(a) (b) 
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Figure  8.17: Inverse Pole Figure EBSD map of 4 layer clad stack showing grain sizes and misorientations 
Fe, Cr and Ni EDS maps are given in Figure  8.18. This analysis shows significant levels of 
segregation with the first layer, but near uniformity in the rest of the stack.  The pattern in the 
first layer is suggestive of high levels of material flow within the melt pool. 
Unlike the Nd:YAG four-layer stack, no Ni segregation is visible at layer boundaries. Use of a 
pedestal HOE with flat wire therefore appears to give greater uniformity of metallurgy. 
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Figure  8.18: Fe, Cr and Ni maps for 4-layer CO2 clad stack 
A similar layer of constituent uniformity across layers to the Nd:YAG multi-layer, with the 
exception of the first layer, is present in the CO2 multi-layer. Table  8.5 shows the element 
percentages by layer. 
Table  8.5: Layer element percentages for four-layer CO2 clad stack 
 Fe % Cr % C % Ni % Mo % 
Layer 1 73.9 8.4 11.4 4.9 1.2 
Layer 2 61.1 15.7 11.6 9.3 2.1 
Layer 3 59.1 16.8 11.3 9.9 2.4 
Layer 4 58.8 16.9 11.5 10.1 2.4 
 
This constituent uniformity, along with the lack of layer boundary segregation in the CO2 multi-
layer stack shows that using flat wire and HOE’s in concert gives a greater level of metallurgical 
uniformity when multi-layering than flat wire alone. 
The oxygen EDS map given in Figure  8.19 shows that surface oxide on the single layer tracks has 
no effect on the ability of subsequent layers to bond.  
Fe Cr 
Ni 
500 µm 500 µm 
500 µm 
206 | P a g e  
 
 
Figure  8.19: Oxygen EDS map for CO2 four-layer clad stack 
A thin layer of oxide is visible around the edges of the stack, but is reduced by comparison to the 
oxygen analysis of the four-layer Nd:YAG stack presented in Figure  7.10. 
8.2.2 6-layer tilted clad stack 
This six-layer track was created with each layer slightly offset from the previous one. This 
created a clad track that grew upwards at an angle. A general micrograph of the entire clad track 
is shown in Figure  8.20. The use of Schaftmeister’s reagent with DIC illumination gave a clear 
indication of the locations of layer boundaries. 
500 µm 
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Figure  8.20: Tilted six layer clad track growing at an angle. Etched with Schaftmeister's reagent and illuminated with 
DIC 
As the height of the clad track increases, the layer thickness increases. This is for a similar reason 
to the fact that the second layer required reduced power in Section  8.1. At higher layers, the 
heat in the melt pool is unable to conduct away into the substrate as easily, leading to it 
reaching a higher temperature and staying hotter for a longer time, compared to previous layers. 
The melt pool therefore takes up more material from the layers below, resulting in the volume 
of each subsequent layer increasing.  
Like the four and five layer vertical stacks, it is therefore possible that further power reductions 
are required at higher layers, until the distance from the substrate is large enough that 
conduction into it no longer has an effect. At this point a steady-state situation will have been 
reached and the power input will be able to stay the same. 
Lower layer microstructure 
A certain amount of penetration into the substrate resulted in metallurgical changes in the lower 
part of the clad track. This is shown with higher magnification in Figure  8.21. 
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Figure  8.21: High-magnification micrograph of lower layers of 6-layer tilted clad track. Etched with Schaftmeister’s 
reagent and illuminated with DIC 
This reveals a still-austenitic grain structure, with increased amounts of δ-ferrite due to repeated 
re-heating and cooling, along with dilution, which accounts for the darker colours in those layers. 
Upper layer microstructure 
Figure  8.22 shows a high-magnification micrograph of the 4th, 5th and 6th layers of the clad track. 
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Figure  8.22: High magnification micrograph of 4th, 5th and 6th layer, showing layer boundaries and austenitic 
microstructure. Etched with Schaftmeister’s reagent and illuminated with DIC 
At this point, the grain structure is purely austenitic, with a cellular microstructure. Layer 5 is 
wedge-shaped, due to layer 6 being placed vertically. The top most section of the clad track is 
therefore at a different orientation to the layers below it, demonstrating the ability to grow in 
more than one direction in the same clad track. 
This sample can be compared to the tilted Nd:YAG pipe clad track shown in Section  7.4.2. In this 
example, the beam is the same width as the track, rather than overlapping it as in the Nd:YAG 
sample. This means that as the stack was grown at an angle, the beam was not directly heating 
the previous layers. This feature appears to be a key to successfully growing overhanging layers. 
 
Layer boundaries 
4th layer 
5th layer 
6th layer 
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8.2.3 10-layer clad track 
Ten layers was the greatest layer count attempted, representing the physical limit of what was 
possible with pre-placed wire. A general micrograph is given in Figure  8.23. 
 
 
Figure  8.23: Optical micrograph of 10-layer clad track, etched with Schaftmeister's reagent and illuminated with DIC 
The high layer count gave no additional penetration or mixing with the substrate compared to 
previous results. The upper layers show evidence of the track tilting, due to the inherent 
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instability of the pre-placed method at this height. The circled areas show places where oxide is 
impinged into the body of the clad track. This is primarily caused by the melt pool losing position 
and beginning to flow down the side of the track; the oxide was created on the surface of the 
previous layers and the new layers did not penetrate it at this section. 
The sides of the track have a rough texture, but like the previous pedestal HOE multilayer results, 
and unlike the Nd:YAG ones in Chapter  7, the side surface texture is independent of the layer 
structure. 
8.3 Chapter summary 
The objective of this chapter was to build on the multilayering experiments from Chapter  7 in 
order to include HOE’s into studies of multilayered processing. This was covered in two main 
sections: 
Section  8.1 consisted of a detailed study of two-layered vertical stacking in order to study the 
reduction in power required for layers subsequent to the first. The results in Nd:YAG 
experiments from Section  7.2, in which all layers were created at the same power did not reveal 
this to be an issue; it only appeared with pre-placed CO2 layer multilayered HOE deposition. 
These tests showed that a reduction in power to 80% of the first layer power was adequate to 
create a fully bonded second layer with no additional penetration. 
When this was applied to larger layer counts in Section  8.2, further data was gathered regarding 
HOE multilayering vs. non-HOE multilayering. Advantages of the HOE multilayers were related to 
the side texture of the stacks. HOE multilayers showed no relationship between side texture and 
the positions of layer boundaries, unlike the Nd:YAG multilayers which had a regular pattern as 
discussed in Section  7.2. Instead, side texture appeared to be based on the accuracy of wire 
placement and beam positioning, which can be controlled via good hardware design. 
Similarly to the Nd:YAG multi-layer stacks in Section  7.2, the bases of the stacks were wider than 
the tops. This represented a geometrical change from the single layers in Chapter  6, which were 
1800 µm wide, vs. generally over 2000 µm. This change was due to the repeated heating of the 
first layer during each subsequent deposition, causing it to flow outwards.  
However, the tapering in these examples is less pronounced. This was because the beam size 
was reduced to a 2 mm wide pedestal rather than a 3.5 mm Gaussian beam, but the clad tracks 
were still approximately 2 mm wide, reducing the repeated heating of the lower layers.  The 
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reduction in 1st layer tapering is therefore accounted for by the reduction in substrate heating. 
This also suggests that the solution proposed in Section  7.2, reducing the size of the beam at 
higher layers is the correct one, however testing of this hypothesis is necessary to draw further 
conclusions. 
A possible disadvantage of HOE multilayering lies in its effect on grain orientation. The Nd:YAG 
multilayer stacks were highly anisotropic, a highly beneficial property in some applications, such 
as turbine blade repair. HOE multilayer stacks did not exhibit this anisotropy. 
The limitation of this study, as with Chapter  7, lies in the limited quantity of samples. No 
measure of repeatability was possible in this analysis; however the results presented here 
provide a good starting point for further study.  
  
213 | P a g e  
 
9 Discussion 
This chapter discusses the findings of Chapters 4 – 8.  This covers selection of materials and the 
corresponding selection of beam types and how the alteration of beam geometry affected clad 
track characteristics in standard wire. From this it covers how this behaviour could be improved 
by use of wire shaping techniques and how these results were able to be applied to multi-
layered deposition and some of the lessons learned. 
9.1 Selection of beam types and sizes 
Conventional wire cladding was conducted using a 1.25 mm Gaussian beam from a standard 
refractive lens, matching the 1.25 mm width of the pedestal HOE-generated beam that was 
compared to it. This beam size did not exactly match the 1 mm width of the wire, in order to 
allow for a certain amount of imprecision in the alignment between the centre of the beam and 
the centre of the wire. 
The selection of the pedestal beam is described in Section  3.2.2. The precedent of comparing the 
TEM00 Gaussian beam with a square pedestal beam had previously been set by Gibson and Kell 
in their respective PhD theses, as well as the derived publications. These two projects each 
focussed on a separate aspect of Holographic laser processing. Kell’s work on welding was 
focussed on metallurgical aspects of using varied beam profiles, whereas Gibson switched to 
deposition and experimented with a number of different materials and characterisation 
methods. For wire-based deposition, another focus was selected, with greater weight given to 
multi-layered deposition and control of mixing and penetration than either of the two previous 
projects. For this reason reduced emphasis was given to beam profiles, material types or 
characterisation methods. The result is a trio of complementary research projects that provide a 
solid foundation for further development. 
Chapter  11 details the plans for further beam development based on the experimental results 
from Chapters  5 -  8 and the model predictions from Chapter  4. 
9.2 The effects of altering the beam shape with standard wire 
In previous HOE work from Kell and Gibson described in Section  2.4.3, altering beam shape was 
used to control the shape of the heat flux, placing more heat at the edges to adjust for the 
additional heat loss there. Similar results were initially expected here. 
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Heat transfer simulations described in Section  4.3 were used to analyse the heat flow within the 
wire and substrate. They showed that because the contact between wire and substrate was very 
narrow, creating a “choke point” between the two, the wire and substrate behaved as separate 
entities. The primary driver of wire heating was the thermal distribution of the laser beam, 
which in the case of the 1.25 mm pedestal beam and 3.5 mm Gaussian beams results in a 
greater level of heating around the outer edge of the wire due to the absorption profile of the 
wire. In the case of the 1.25 mm Gaussian beam, the laser thermal profile and the wire 
absorption profile cancel each other out and the wire temperature profile is much more linear. 
With the substrate, simulations predicted heating from two primary sources. Primarily, heating 
comes from the wire into the substrate, with direct substrate heating from the laser as a 
secondary source depending on the specifics of the laser beam.  
Comparing experimental results to simulations revealed significant differences between the two, 
but it was found that the simulations were nevertheless valuable in the understanding of the 
mechanics of the experimental results. Simulations showed a much greater level of substrate 
heating in the 1.25 mm pedestal and 3.5 mm Gaussian beams than in the 1.25 Gaussian beam, 
due to direct substrate illumination. Experimentation showed a similar split in substrate wetting, 
where the 1.25 mm pedestal and 3.5 mm Gaussian beams formed a fully wetted melt pool much 
more easily than the 1.25 mm Gaussian beam. For this beam, a melt pool formed at the wire-
substrate interface without the wire fully melting. Taking this into account with the simulation 
results, this is actually indicative of insufficient substrate heating in that beam profile compared 
to the 1.25 mm pedestal and 3.5 mm Gaussian. 
Wire to substrate reflection, as described in Section  4.3.3, was not accounted for in the 
simulations. It is unlikely that including this would have changed the overall conclusions on the 
relationship between the simulations and experimental results; however it would have made the 
simulations more accurate. This phenomenon would have its greatest effect on the 1.25 mm 
pedestal beam and 3.5 mm Gaussian beam, thereby raising the predicted substrate temperature 
in those models even further and showing the connection between substrate heating and 
wetting more clearly. For the 1.25 mm Gaussian beam, the effects would be much more reduced, 
however this effect existing in reality and not in simulation could be the factor that meant that 
the simulation failed to predict the formation of the melt pool at the wire-substrate interface. 
215 | P a g e  
 
9.3 Improvements due to the alteration of wire shape 
Previous HOE work was focussed on the control of microstructure and clad track properties via 
control of laser beam shaping. Section  2.4 discusses other attempts that had also been made in 
literature to control the microstructure of wire-based clad tracks by utilising beam shaping 
methods with some success, so it was expected that the use of HOE’s would also be effective at 
this.  
Altering the cross sectional shape of the wire was intended to create a uniform interface 
between the wire and the substrate. This idea originated at the start of the project when 
comparing literature with the previous HOE research and noticing that there was linearity in 
conditions for welding (flat substrate) and power bed cladding (uniform thickness of powder) 
that was never present in wire feeding. It was further developed when noting the non-linearity 
present in heat conduction when using round wire in heat transfer simulations in Section  4.3. 
Wire cladding was unique in the fact that standard wire does not have a uniform thickness; it 
has a circular cross-section.  Literature also showed that wire has considerable weaknesses 
compared to powder (Section  2.1.5). It was therefore a reasonable conclusion that these 
weaknesses were due to this non-linearity.  
The wire shaping publications that were found in the literature survey are described in 
Section  2.1.3. The most significant of these was Patent EP1454703 B1. This is a Rolls Royce 
patent that describes using pre-heated wire with geometrical changes for the optimisation of 
laser beam absorption and minimisation of energy requirements, but makes no mention of using 
the technique with regard to bonding, dilution or metallurgy. The named inventor “Daniel Clark” 
was also named on numerous other patents relating to thermal and gas control in various 
materials processing applications. The investigation of HOE’s with wire shaping could therefore 
be an important part of the project without violating pre-existing intellectual property. The 
existence of the patent was encouraging because it showed that this line of thought had been 
pursued in some fashion before, and with sufficient success to be considered worth the trouble 
of a patent application.   
The main benefit in Section  4.3.2 was found to be the fact that the flat contacting surface of the 
wire gave much easier conduction into the substrate. When tested experimentally with pre-
placed wire, this had several effects. 
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It allowed bonding to occur with a reduction in power density of 68%, from 170 W/mm2 to 55 
W/mm2, and a reduction in total power of 18%. This prevented overheating of the wire and also 
made the clad tracks less sensitive to alterations in input power. The overall range of input 
powers was the same in both cases, around 100W, but the range of input powers relative to 
overall power was greater for the flat wire, due to the reduced power required for bonding.  
Power-related stability was also improved by the use of flat wire. At low powers, dilution in the 
flat wire clad tracks was relatively stable at between 10 -20% over a range of 40 W, as given in 
Table  6.2. This was superior to the round wire stability, where dilution varied from 0 – 58.7% 
over a range of 30 W. 
This reduction in power was largely due to the reduction in material volume from the flattening 
process, giving clad tracks of reduced dimensions (mean 1.8 vs. 2.1 mm width and 500 vs. 560 
µm) compared to the low dilution round wire track. 
Building on these results, the Nd:YAG laser was used to test shaped wire vs. round wire in a 
wire-fed application. The use of flat wire giving an increase in deposition rate of 0.32 mm3/s, 
equivalent to a 22% improvement, under identical processing conditions; demonstrating that 
the effect was independent of the type of laser used as well as the type of deposition. The single 
layer tests in Section  7.1 also involved placing clad tracks at different locations on large 
substrates, creating variability in the processing conditions with both round and flat wire. 
Comparisons of the variability of the tracks showed that the flat wire gave narrower, taller clad 
tracks with significant reductions in variation. The standard deviation of track width for flat wire 
was 0.09 mm, vs. 0.33 mm for round wire. This was also true for track height where standard 
deviations for flat vs. round wire were 0.13 and 0.23 mm respectively. These results tied into 
literature, which identified sensitivity to processing parameters as being one of the major 
problems with wire deposition. Using shaped wire considerably reduces this sensitivity. 
Using shaped wire is therefore superior to round wire from a clad quality point of view. 
Disadvantages appear when considering the availability of supporting technologies, since there 
is very little pre-existing equipment designed for the feeding of shaped wire for laser processing 
purposes. For this project, solutions were found by the modification and repurposing of other 
equipment, as well as the creation of so-called “homebrew” equipment.  
These same techniques would suffice for further experimentation with low volumes of material, 
but purpose-designed, properly manufactured equipment would be required if shaped wire was 
to be used in bulk since the existing infrastructure is not adequate for such a task. For single 
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layer clad tracks processing time was approximately 30 seconds. With pipe cladding, this time 
was multiplied into several minutes. At this point heat build-up became a problem and wire 
feeder components began to distort and lose precision. This is an example of the sorts of issues 
that would need to be considered moving forward. 
9.4 Creating rectilinear clad tracks  
Simulations showed that carefully matching wire shape to beam shape can help improve the 
rectilinearity of clad tracks. When the wire shape is altered to place more material at the edges 
(horned wire) and the beam profile is designed to place a larger concentration of heat there, the 
convection currents in the melt pool are repositioned to raise the height at the edges and give 
reduced curvature in the top surface. This is shown in Figure  4.48 at 0.8 s. In this scenario, 
marangoni flow becomes a tool to be used, rather than a phenomenon to be compensated for. 
It goes from being the primary driver of clad track dilution and degradation of material 
properties to a mechanism that can be used to control the clad track properties.  
Simulation results suggested that this could be taken further, with the horned wire and cat ears 
beam shape combination predicting clad tracks with flattened top surfaces. Further investigation 
would be required in order to verify that this is actually the case.  
Experimentation did not address the use of these shaping techniques for creating rectilinear clad 
tracks. Further developments of the experimental process would be required in order to control 
the cooling rate and freeze the melt pool at the correct point in time where it has a rectilinear 
form. 
9.5 Multi-layer clad tracks 
The efficacy of flat wire for multi-layer clad tracks was demonstrated by both the Nd:YAG laser 
and the CO2 laser.  
For Nd:YAG cladding, fusion always occurred across at least 85% of the stack width. 12 out of the 
14 total layers were above 90%. Visible bulging was present within the layers themselves, 
leading to a rough wall texture which had the additional effect of making the positions of the 
layers clearly visible.  When EBSD maps were created, they revealed grain structure that was 
strongly elongated in the vertical axis, with no distinction between layers whatsoever. This 
creates a clad stack with a great deal of structural strength in the z-axis and that is 
metallurgically a homogeneous component. This would be ideal when applied to turbine repair, 
for example. 
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When multi-layering was carried out on the CO2 laser, HOE’s were used in addition to pre-placed 
flat wire. Initial experiments showed that there was a required power reduction when multi-
layering. Stacking layers vertically reduced the level of conduction into the substrate, so the 
power input needed to be reduced to compensate. Experiments described in Section  8.1 showed 
that reducing laser power by 20% gave enough input to bond the layers together, but not 
enough to cause excessive mixing with the previous layer or substrate. 
In contrast to the Nd:YAG cladding, stacks with higher numbers of layers exhibited no layer-
dependent side roughness whatsoever, side wall quality being dependent on the placement 
accuracy of the wire. High quality stacks such as the four and five layer results exhibited flat 
sides, whereas lower quality tracks such as the six and ten layer exhibited rough sides. The use 
of HOE’s therefore further reduced distinctions between individual layers. EBSD results from the 
four layer stack showed significant differences to the microstructure of the Nd:YAG four layer 
stack. In the CO2 stack, the grains were larger and more isotropic in their shape. In addition, the 
lack of layer boundaries was retained. 
Microstructural changes were also noted in the lower layers of the clad tracks when the layer 
counts increased, where the microstructure changed from the natural austenite of the stainless 
steel to a martensite/bainite structure. All multi-layer stacks taper as they rise, with the width at 
the top being much lower than at the base. Since the laser beam width does not change, the first 
layer is therefore exposed to repeated illumination from subsequent passes. This suggests that a 
combination of first layer reheating and mixing with the substrate diluting nickel in the first 
layers is responsible for this effect. Dilution in the first layer was visible in the EDS analysis of the 
4 layer CO2 multi-layer stack in Section  8.2.1, where significant reduction of Ni and Cr 
concentration is visible at the base of the stack. 
The Nd:YAG four layer clad track had the reheating mechanism from the subsequent layers, but 
because there was no penetration there was no mixing and therefore no phase change. The 
obvious solution to this is to reduce the beam size as the layer count increases. This would 
require a corresponding decrease in laser power in order to maintain the appropriate heat input. 
The CO2 laser was used to include the effects of HOE’s with flat wire in multi-layering. These clad 
tracks demonstrated many features in common with the Nd:YAG stacks. The major difference 
was in the decoupling of wall texture with layer position. In the Nd:YAG stacks, a “bumpy” shape 
was in evidence, where the wall would pinch in slightly at layer interfaces and then bulge out in 
the layers themselves. This behaviour was not present in the CO2 multi-layer stacks, where the 
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walls, if not necessarily smooth, bore little relation to the locations of the layer boundaries. This 
presented the possibility of creating multi-layer clad tracks that are truly homogeneous in shape, 
with smooth sides. Technical limitations meant that this was not consistently achieved 
experimentally; but some of the results, principally the four and five layer stacks, showed that it 
is at least possible.   
EDS analyses of the multi-layer stacks showed overall uniformity in the elemental distribution. 
The correct alloying element proportions were maintained in each layer. In the Nd:YAG multi-
layer, segregation of alloying elements was visible at the layer boundaries. This chemical analysis 
supported the microstructural changes visible in optical microscopy. In the CO2 multi-layer tracks, 
there was no visible segregation delineating layer boundaries, aside from the drastic changes in 
the first layers. This implied that using HOE’s and flat wire together to create multi-layer stacks 
has a greater capability to create chemical uniformity in the structure than flat wire alone.  
What wasn’t tested was whether any further improvement would be possible with more 
sophisticated beam shapes. Single layer simulations suggested that this would be the case, but it 
was not possible to test this experimentally. This is covered in Chapter  11. 
9.6 Pipe cladding 
The feasibility of cladding with flat wire round a pipe is discussed in Section  7.4, with single 
tracks and multiple layers. Functional laser settings were developed that were very similar to the 
settings used for flat-surface layer stacking, with the main difference being a small increase of 
slightly less than 10% in wire feed rate. 
The major challenge for pipe cladding was the more stringent requirements for flat wire quality 
and straightness. This was due to the fact that one circumference of the pipe required 600 mm 
of wire to be continuously fed, with no ability to remove low quality sections. New procedures 
were developed for this, involving an additional stage of shaping in order to introduce 
longitudinal stresses in the annealed wire. When the wire was flattened, these stresses ensured 
that the flattened wire remained straight, without curvature or kinks. 
The ability to deposit a single track with consistent quality was demonstrated in Section  7.4.1. 
Section  7.4.2 then demonstrated the ability to deposit multiple layers in a vertical stack, with 
both two layer and four layer stacks being created. These stacks displayed characteristics 
consistent with the four layer flat surface Nd:YAG stacks, when Figure  7.19 was compared to 
Figure  7.4b.  
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Attempts to create an overhanging multilayered stack did not succeed in this, but did succeed in 
creating a track with a steeply sloped side. This resulted in significant reheating of previous 
layers, which gave significant surface oxidation and a very rough surface texture as seen in 
Figure  7.20. 
Continuous side-by-side deposition by spiralling the track along the pipe was investigated from 
the point of view of thermal build-up.  Figure  7.21 was used to demonstrate this thermal build-
up. This showed increased clad track width for the second revolution compared to the first 
revolution. A heat build-up analysis was conducted using a thermal camera to measure the 
temperature profile of the pipe after different numbers of revolutions. This revealed that a 
reduction in laser power was required after the first revolution, from a pulse height of 22% to a 
pulse height of around 18 – 20%. 
These studies successfully showed that these processes were possible with flat wire. 
Repeatability studies were not included here, but the laser parameters used to create these 
results were recorded in order to create a starting point for future systematic analysis. 
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10 Conclusions and Findings 
This chapter contains the major conclusions from this work, as well as a summary of the findings 
with respect to the research questions defined at the start. 
10.1 Main conclusions 
The major outputs from this work are summarised as follows: 
• The ability to wet the substrate is highly dependent on the effectiveness of substrate 
heating. For round wire, this requires direct heating of the substrate, whereas flat wire 
allows this to occur through the wire itself. 
• Because flat wire allows substrate heating without direct substrate illumination, the use 
of flat wire gives greater control of dilution than round wire, leading to higher quality 
track structure. 
• The use of flat wire with wire feeding gives higher quality clad tracks which are less 
sensitive to process fluctuations than those created with round wire. They can also be 
created with a 22% increase in deposition rate for equivalent power. 
• When applied to layer stacking, flat wire allows stacks to be created with metallurgical 
structure independent of layer boundaries. Furthermore, the utilisation of HOE’s in 
conjunction with flat wire for layer stacking gives a greater level of isotropy in the grain 
structure compared to flat wire alone, as well as reducing incidences of alloying element 
segregation at layer boundaries. 
10.2 Research question findings 
Detailed findings for each of the research questions are described in this section. 
10.2.1 Research Question 1: Can the use of wire with HOE’s remove the traditional problems 
associated with powder? 
By direct control of the laser, improvements were created in the heat flux on the wire and 
substrate. Increased heating of the substrate was shown in simulation to raise the substrate 
temperature As discussed in Section  0, the absolute numbers do not reflect reality because the 
simulation is far too simple, but the fact that there is a difference between them was expected 
to carry over to empirical experiments. When tested in experiments, using a pedestal beam gave 
wetting of the substrate more easily and at reduced heat input. The greater ease of wetting was 
shown by correlation of the wetting angle with respect to power density, shown in Figure  5.5. A 
considerable reduction in the required power density was found; from a range of 400 – 520 
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W/mm2 with the Gaussian beam to 170 – 250 W/mm2 with the pedestal beam. These power 
densities corresponded to power ranges of 490 – 640 W and 270 – 390 W respectively, 
demonstration a considerable decrease in required power as well. 
When the maximum and minimum powers for each range are related to each other, the 150 W 
Gaussian power range translates to a 1.3:1 ratio between the max and min. For the pedestal this 
ratio is 1.44:1. The larger ratio of the pedestal beam shows that it has reduced sensitivity to 
alterations in processing conditions. 
Like the 1.25 mm pedestal beam, the 3.5 mm Gaussian beam also gave advantages compared to 
the 1.25 mm pedestal beam. It resulted in a large reduction in power density to a range of 36 – 
47 W/mm2. However, the larger area of the beam meant that the reduction in power compared 
to the 1.25 mm Gaussian beam was much less dramatic; a range of 310 – 400 W. The max-min 
ratio for this was 1.29:1, approximately the same as the 1.25 mm Gaussian beam. Its wetting 
behaviour in Figure  5.5 followed a similar pattern to the 1.25 mm pedestal beam and it had 
superior power density and power input performance. However, it did not give improvements to 
the same extent as the 1.25 mm pedestal beam. 
Using HOE’s was therefore found to give some improvement to the traditional problems that 
have historically plagued wire feeding. Further advantages were found in simulation by also 
altering the geometry of the wire to suit the beam, meaning that the wire shape and beam 
shape could be optimised together, using much more complex beam geometries. This was 
shown both experimentally and in simulation. The specific effects of using wire shaping 
techniques are discussed in detail in Section  10.2.5.  
10.2.2 Research Question 2: Can computer models of heat flux distribution be used to control 
fluid flow in the melt pool? 
Complex beam shapes were successfully modelled in Section 4.4. This made simulation a 
practical tool for predicting new beam shapes. Although the predictions were not able to be 
tested in the course of this investigation, they give new data to be potentially used in the future. 
In Section  4.4, the use of a pedestal beam on flat wire was simulated and found to give certain 
fluid flow characteristics. When this was experimentally tested in Chapter  6, it was found to give 
superior performance in terms of dilution, required power input and sensitivity to processing 
conditions to previous attempts with round wire and Gaussian and pedestal beams. The 
simulations were validated in Section  6.4. Strong similarity was found between the experimental 
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and simulation results. Certain weaknesses were identified in the simulation results, ready for 
refinement at a later time. 
Further simulations with the cat ears beam shape in Section  4.4.2 were compared to the 
pedestal simulations from Section  4.4.1 in Section  4.4.3. This comparison showed that it was 
possible, by use of a cat ears beam profile, to reduce the marangoni flow and alter its position 
such that the height of the clad track at its edges was raised compared with the track created by 
a pedestal beam. 
Simulations therefore did show that control of the melt pool could be demonstrated by use of 
computer simulations. Further simulations would be used to determine the degree to which the 
control of fluid flow can affect the profile of the resultant clad track.  
10.2.3 Research Question 3: Does fluid flow control in the melt pool give benefits regarding 
clad track structure? 
The use of different beam shapes was found to have a strong effect on the flow of fluid within 
the melt pool. Placing additional heat at the edges of the wire gave two separate marangoni 
currents at the outer edges of the melt pool.  
The presence of these currents gave an even interface between the clad track and the substrate. 
In traditional wire cladding, the interface is often a convex curve into the substrate, because 
higher temperatures and levels of heat conduction in the centre cause more dilution there than 
at the edge. This same phenomenon was observed during experiments conducted at higher 
powers during this project. Having the flow confined to the edges compensated for this, giving a 
flat interface zone that minimised dilution.  
Care would have to be exercised however, in order to avoid creating the opposite effect, where 
the track-substrate interface forms a concave curve, with additional dilution at the edges. 
Placing heat at the edges is beneficial, but only up to a point. It is possible to go too far. 
Simulation results showed that control of the marangoni flow allowed control of the melt pool 
shape in order to create more rectilinear clad tracks. The benefit of this would be when it comes 
to stacking layers, either vertically or horizontally:  
• Vertically, because a flatter top surface allows easier and more consistent adhesion of 
the new layer. 
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• Horizontally, because less overlap between adjacent layers is required to create a 
consistent track thickness. 
The answer to this research question would therefore be that yes, fluid flow control can give 
benefits regarding clad track structure. 
10.2.4 Research Question 4: Can HOE’s be used to create physical depositions with this level 
of control? 
The review of literature showed that melt pool control had been previously demonstrated by 
Kell and Gibson in other applications. Simulation results from Chapter  4 showed that the 
alteration of beam shape allowed alteration of heat flux, which translated into alteration of heat 
conduction, and therefore alterations in the ability of the wire to wet the substrate and the 
extent of dilution. This was then tested experimentally, with Gaussian and pedestal beams on 
round wire in Chapter  5.  
Comparisons between the two investigations in Section  5.4 showed agreement in the results 
where although the heat conduction results did not exactly match experimental results, they 
were useful in the understanding of the role of substrate heating in clad track wetting. Both the 
1.25 mm pedestal beam and 3.5 mm Gaussian beam were predicted in simulation to have a 
superior ability to wet the substrate than the 1.25 mm Gaussian beam. This was shown in 
experimental results by the fact that both beam types produced fully wetted melt pools at the 
low end of their respective power density ranges, whereas the 1.25 mm Gaussian beam formed 
a melt pool at the wire-substrate boundary but did not wet the substrate. Simulation also 
predicted that the 3.5 mm beam would produce a greater level of substrate heating than the 
1.25 mm pedestal beam. Experiments showed that this correlated with wetting, with the 3.5 mm 
Gaussian beam allowing the track to penetrate into the substrate more easily than the 1.25 mm 
beam. 
Wire melting experiments using a pedestal beam were found to closely agree with simulated 
predictions, and showed a considerable improvement in wetting and dilution behaviour. Over 
the same range of power densities, dilution increase with a pedestal beam and flat wire was 24%, 
vs. 58.5% for round wire. Reductions in grain size were not observed in EBSD analysis for the two 
samples analysed, but the EBSD results did show a removal of δ-ferrite from the flat wire track 
that was present in the 1.25 mm pedestal round wire clad track. 
Further simulations of horned wire with a cat ears beam in Section  4.5 shows the possibility of 
further control of the marangoni flow in the melt pool. Greater control of this flow is predicted 
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in simulation to raise the edges of the clad track and create a track with a more rectilinear cross-
section. 
10.2.5  Research Question 5: How does the relationship between wire shape and heat flux 
distribution affect metallurgy? 
The use of flat wire with a pedestal beam gave a range of 220 – 320 W required power vs. 270 – 
390 W for round wire with a pedestal beam. Power density was dramatically reduced, from a 
range of 170 – 250 W with round wire to 55 – 80 W with flat wire. The process was therefore 
made much more efficient from an energy input point of view, as well as giving the much lower 
wire temperatures predicted in simulation. These numbers were reflected in the dilution results, 
which showed a much gentler increase in dilution vs. power, as shown in Figure  6.4. 
Wetting behaviour for flat wire was also superior. Results presented in Section  6.1 showed that 
the use of flat wire provided an initial wire-substrate contact across the entire width of the wire, 
which caused it to form a melt pool as soon as enough energy was input to melt it. This was not 
the case for round wire, where material flow was required and the minimum heat to cause the 
wire to adhere was not enough to cause it to flow into a melt pool. 
When this work was expanded to wire feeding, the advantages of flat wire carried over. Nd:YAG 
laser based wire feeding experiments showed that when flat wire was used in place of round 
wire, it gave an improvement in material deposition rate of 22% over flat wire, as well as 
reducing the sensitivity of the deposition process to differences in processing conditions; 
represented in this case by alterations in the local substrate, as shown in Figure  7.1 and 
Figure  7.2. 
Further simulation work showed that it is possible to optimise the wire shape and beam shape 
together in Section  4.5.2. Placing more material at the edges of the wire along with more heat 
from the laser beam allows the creation of more rectilinear clad tracks. Further work will involve 
developing the ability to create wires with these more complex shapes.  
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11 Further work 
This section details areas of work that are recommended for further pursuit. This covers further 
investigation of Nd:YAG wire fed deposition, further development of wire cross-sectional control, 
further development of the wire feed process itself and the requirements for a purpose-built 
laser deposition system. 
11.1 Nd:YAG wire feeding 
A number of experiments with wire feeding were completed using an Nd:YAG laser, as detailed 
in Chapter  7. Technical difficulties meant that these experiments were constrained by time and 
were not as detailed as desired. 
Further investigation would therefore be helpful in order to gain a more complete 
understanding of the process. There are several investigations that could be conducted: 
• Further investigation of the effects of substrate thickness. It was found that increasing 
the substrate thickness from 0.8 to 2.0 mm caused a dramatic increase in the thermal 
input required. Further investigation is required in order to understand whether this is a 
linear increase, and whether there is an upper limit at which alterations in substrate 
thickness cease to affect heat input requirements. 
• Experimental verification of wire aspect ratio simulations. Flat wire feeding was 
investigated experimentally using only a single aspect ratio. It would be valuable to 
experimentally verify the other wire aspect ratios, to discover their relative advantages 
and disadvantages from a wire feeding point of view. 
• Further development of pipe cladding, for which this study only covered the feasibility of. 
Pipe cladding represents an immediate potential practical output for the purposes of 
industrial collaboration, for example in the oil and gas industry.  
11.2 Complex beam and wire shape experiments 
Simulations have shown a close relationship between beam and wire shape. Results show that a 
beam shape based on the cat ears design placing heat at the edges is a good basis for 
progression. Experimental verification is needed in order to validate these results, and this 
would an important part of any future work. The similarity of the cat ears beam shape to 
previous half pipe and peak-edged line beam shapes found to be optimal for powder based 
deposition (Gibson 2012) and laser welding (Kell 2007) suggests that a beam shape in the 
pattern of a cat ears or similar would be required. 
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The detailed parameters of the beam shape also have yet to be tested, including but not limited 
to: 
• The optimal widths and relative intensities of the “ears” compared to the central beam 
• The length/width ratio of the beam 
• The gradients of any pre- or post-heating ramps  
• Whether a square footprint is ideal or whether a rectangular or trapezoidal shape might 
give superior results. 
It is anticipated that the majority of this testing will be completed in simulation, since making a 
new hologram for every possible permutation of beam properties would be impractical. An 
initial set of experimental verifications would be used to characterise the accuracy of the model, 
allowing it to be used for this purpose. Each series of simulations would result in the creation of 
a single hologram to experimentally verify the predictions made. This would make the process of 
optimal beam development more efficient. 
11.3 Wire shaping 
This section covers the various aspects of possible future wire shaping research, covering the 
creation of the wire itself, as well as the development of the ability to feed it. 
11.3.1 Creation of custom wire profiles 
For flat wire experiments, a hand-cranked Durston rolling mill was used to alter the shape of 
annealed wire. The annealing process is vital to shaping, since it greatly reduces wear on the 
rollers and makes the wire much more malleable. The fact that the wire is work hardened as a 
result of this process is largely irrelevant, since the wire is melted directly after this and the point 
becomes moot. 
There are several ways to create more complex wire profiles. In the short term, the lowest cost 
solution would be to add new profile rollers to the existing rolling mills. It is anticipated 
therefore that, like the beam shaping, the majority of wire shape testing would be completed in 
simulation with occasional creation of rollers to verify the simulation accuracy. 
For larger experiments, such as pipe cladding or 3D printing, it would become necessary to 
produce larger amounts of wire (in the tens of m). For this, the purchase of a motorised rolling 
mill would be required.  Once a final wire profile is settled on and large amounts of the same are 
required in bulk, it could be advantageous to have it manufactured by a third party. This would 
be unnecessary until the required quantities were in excess of 100 m. 
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The investigation of custom wire profiles, like the beam profiles, would be largely completed in 
simulation. Results from Section  4.5 indicate that placing additional material at the edges of the 
wire can give advantages in clad track shape and penetration.  
The optimal sizes of these horns relative to the rest of the wire would need to be determined by 
simulation and verified by simulation, as well as the effect of a sloped wire top surface on the 
absorption of the wire, as discussed in Section  4.1.6. 
11.3.2 Wire feed nozzles 
New wire feeding nozzles would be required for the use of shaped wire in the deposition process.  
For the existing wire feeding system, it was possible to feed flat wire by making modifications to 
a standard MIG welding nozzle. This was a quick and low cost solution, which was suitable for 
experimentation; but as the process matures, it will become necessary to design specialised 
nozzles. 
Development of wire feed nozzles would be closely tied to the development of wire profiles. The 
use of modified MIG nozzles is recommended at first, due to the low cost and ease of 
modification. Specialised nozzles would only be required later on, primary when complex wire 
shapes are introduced. 
11.4 Wire feeding process 
 The ability of the wire shaping method to give advantages for wire feeding was amply 
demonstrated by the Nd:YAG laser experiments, showing that the benefits of wire shaping were 
not unique to pre-placed wire. 
The sensitivity of shaped wire to other feeding directions would be investigated. Standard wire is 
at its best in front feeding, as described in Section  2.1. Shaped wire is much less sensitive to 
changes in conditions and therefore might be capable of feeding from multiple directions. This is 
worth investigating because if it is the case it would greatly simplify the deposition process by 
allowing material deposition in multiple directions without rotating the wire feeder. 
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11.5 Requirements for a purpose-built wire-fed laser deposition system 
All current work was carried out on pre-existing laser systems modified to allow wire deposition. 
This section outlines the critical requirements for a purpose-built deposition system. 
11.5.1 Type of laser 
It is recommended that the technology shifts from the use of CO2 laser-based HOE systems to a 
fibre laser-based HOE system.  
The use of a fibre laser gives much greater flexibility with regard to the directing of the laser 
beam. CO2 lasers require a train of mirrors, prisms and other optical components in order to 
direct the beam down the flight tube, whereas the optical fibre delivery system of the fibre laser 
is much more convenient. This would also open up future opportunities such as mounting the 
laser head on a robotic arm; difficult to do with a CO2 laser. 
Another possible option is the use of an Nd:YAG system, as discussed in Section  11.1. The major 
similarity is that both have the same wavelength, so the absorption advantages of the fibre 
would no longer apply. However, the fibre laser is capable of both pulsed and CW output, and as 
a result is much more suitable for HOE’s.  
11.5.2 Incorporating incidence angle control and wire feeding into a single system 
In traditional laser wire deposition, the work piece and the laser beam are held normal to each 
other, with the wire fed in from the front at an angle between 45 - 60°. Reflectivity calculations 
in Sections  4.1 and  11.5.1 showed that in contrast to what usually happens, the ideal laser 
should be parallel polarised and set at an incidence angle of 85°. 
The required combination of wire feed angle and laser incidence angle could be achieved by 
tilting both the laser emitter and the wire feeder at the correct angles relative to a flat work 
piece. Because it would be difficult to achieve this in the same plane, the wire feed and the laser 
would be tilted at 90° relative to each other, at the correct angles to the work piece. This is 
illustrated in Figure  11.1, where the laser beam has also been flattened, to correctly account for 
the angle of incidence in creating the required beam profile on the surface. 
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Figure  11.1: Schematic of proposed laser beam and wire feed layout 
The shallowness of the angle of incidence raises the possibility of asymmetrical heating, due the 
bulk of the melt pool blocking the beam from illuminating the opposite side. To ensure 
symmetrical heating the beam could be split after passing through the HOE to illuminate the 
melt pool from both sides. 
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 Appendix A - Detail on microscopy techniques 
A more detailed description of microscopy is given here, in order to aid the reader in 
reconstructing the experiments presented in this work should they so desire. 
Sample sectioning and mounting 
Clad track samples were initially sectioned and mounted in Bakelite. Sectioning used an abrasive 
cutting process, in order to avoid introducing stresses into the sample. Figure A1 shows the 
abrasive cutting wheel system. 
 
Figure A1: Image of abrasive cutting wheel system 
Sample grinding 
Surface damage from this process was then removed via a surface grinding process on a series of 
progressively smooth grinding pads. These are measured in “grit count”; the number of grains 
per inch. The pads used in this work were 240, 320, 400 and 600 grit; in that order. A typical 
grinding apparatus is shown in Figure A2. 
  
Figure A2: Image of surface grinding equipment 
Sample polishing 
Once grinding was complete, polishing commenced. This was done using polishing pads, with 
diamond suspension paste of 6 µm and 1 µm. These are shown in Figure A3. 
 
Figure A3: Image showing polishing pad, along with the polishing fluids used 
6 µm polishing 
fluid 
1 µm polishing 
fluid 
Rotating 
polishing pad 
  The polishing process was continued until visible scratches were eliminated. An optical 
microscope was used for inspection. This allowed polishing to be controlled.  
Polishing to 1 µm with diamond solution was adequate for optical microscopy. If the sample was 
intended for EBSD, then a further polishing stage was required. This used colloidal silica with a 
particle size of 0.02 µm. Colloidal silica had to be used with care. Deionised water had to be used 
to keep it in suspension, since it had a tendency to crystallise on the surface of the sample if 
allowed to dry out. If these deposits were allowed to form, they could not be removed short of 
repeating the grinding process. Colloidal silica was also a weak etchant, limiting the amount of 
time that it could be used. This made the colloidal silica process somewhat difficult, since if the 
polishing process was too short, the presence of remaining scratches would reduce the quality 
of the EBSD mapping. On the other hand, if the process was too long then there would be no 
scratches, but the etching would make the surface too rough for EBSD to be effective. Great care 
was therefore required when polishing for EBSD. 
  
 Appendix B - Microstructural analysis of parent materials 
Brief metallurgical analyses of the source materials involved in this project are presented here, 
covering the substrate, round wire, annealed wire and shaped wire. 
Metallurgy of mild steel substrate 
The mild steel substrate material was etched with 2% Nital reagent. Optical microscopy of the 
substrate showed a cellular structure with small grain sizes. Figure B1 shows bright and dark 
field optical micrographs. The BF micrograph gives general microstructure information, while in 
the DF image, the colours are reversed and the grain boundaries are highlighted. 
 
Figure B1: (a) Bright field micrograph of mild steel microstructure (b) Dark field micrograph of mild steel 
microstructure, highlighting grain boundaries. Both etched with 2% Nital reagent. 
Optical micrographs taken at higher magnification under DIC illumination revealed the grain 
structure in greater detail and showed the grains to be approximately 10 – 20 µm in width. 
Figure B2 shows the substrate at high magnification under DIC illumination conditions. 
(a) (b) 
  
Figure B2: DIC optical micrograph of mild steel substrate reagent showing more detailed grain structure, etched with 
2% Nital 
Metallurgy of AISI 316 stainless steel wire 
The wire was sectioned in both transverse and longitudinal planes. The sections were etched 
with Kalling’s No.2 reagent to show δ-ferrite and Schaftmeister’s reagent to show grain 
boundaries. 
Transverse wire section 
Figure B3 shows an optical micrograph of the wire cross-section. 
  
Figure B3: DIC micrograph showing the etched difference between δ-ferrite and austenite etched with Kalling’s No. 2 
reagent 
There is a region of increased etching in the centre of the wire, where the Kalling’s reagent has 
attacked the surface. This signifies a much greater concentration of δ-ferrite in the centre of the 
wire than the edges. This is due to the casting process used to create the original billet of 
material used to manufacture the wire, which had different solidification rates in the centre than 
the edge.  
Longitudinal wire section 
The grains in the material are very long and thin. This was revealed by creating a section of the 
wire along its length. The resulting micrographs are shown in Figure B4. 
Region of increased 
etching 
  
Figure B4: Optical micrographs etched in Kalling's No. 2 reagent showing (a) BF image of wire longitudinal section and 
(b) higher magnification DIC image of central δ-ferrite concentration, revealing long elongated grain structure 
The δ-ferrite has been stretched out into long strands by the wire cold working process. A similar 
event can be presumed to have happened to the physical grain structure of the material as well, 
although this is not directly represented by the etching. 
Metallurgy of annealed AISI 316 stainless wire 
As described in Section  3.2.4, the wire was annealed before shaping, in order to relieve residual 
stress and soften the metal to reduce wear on the rollers. 
Transverse annealed wire section 
A transverse cross sectional optical micrograph is given in Figure B5, revealing a considerable 
level of grain grown compared to the pre-annealing wire. 
(a) 
(b) 
  
Figure B5: BF and DIC optical micrographs of annealed wire etched with Schaftmeister’s reagent 
The heavier levels of etching in the centre, compared to the outer regions, indicate the central 
region of δ-ferrite concentration, which is still present after the annealing process. In this case, it 
is not the inter-granular δ-ferrite that has been attacked directly by the etchant, but the 
boundaries between it and the surrounding austenite, giving the visibly denser etching in the 
centre. 
Longitudinal wire section 
Longitudinal analysis of the wire showed significant alterations in the grain structure along the 
length of the wire. A longitudinal section is given in Figure B6. 
  
Figure B6: Optical micrographs etched with Kalling’s #2 reagent showing (a) BF image of wire longitudinal section and 
(b) higher magnification DIC image of grain structure. 
The effect of the annealing has been to reduce the directional dependence of the grain structure. 
There is still evidence of elongation in the δ-ferrite, but the annealing process has resulted in a 
visible cellular structure in the austenite that was not present in the pre-annealed wire. This is 
evidence of the stress-relieving and softening effects of the annealing process. 
Metallurgy of AISI 316 shaped stainless steel wire 
Cold-shaping the wire as described in Section  3.2.4 induced certain changes into the 
microstructure. These are studied here. 
Transverse shaped wire section 
Figure B7 shows a transverse cross-section of the shaped wire. The dark-coloured central 
concentration of δ-ferrite has changed shape proportionally to the rest of the wire and forms a 
wide track in the centre of the wire. 
(a) (b) 
  
Figure B7: BF optical micrograph of shaped wire etched with Kalling's No.2 reagent 
Figure B8 shows the transverse microstructure in more detail. 
 
Figure B8: High-magnification optical micrographs showing central δ-ferrite under (a) BF illumination (b) DIC 
illumination 
The cold working of the rollers on the microstructure is evidenced by the elongated long left-to-
right grain structure in Figure . The crushing action of the rollers has changed the shape and 
orientation of the grains from the anisotropic structure displayed in the round wire to a 
flattened structure.  
Longitudinal shaped wire section 
The rolling process reduces the uniformity of the grain structure along the length of the wire. 
Figure B9 shows micrographs of the longitudinal grain structure of the shaped wire. 
(a) 
(b) 
  
Figure B9: Longitudinal micrograph of shaped wire etched with Kalling’s No.2 reagent showing δ-ferrite under (a) BF 
illumination (b) DIC illumination 
The longitudinal micrographs show the same changes in grain structure as the transverse 
micrographs. The cellular structure visible in the annealed wire has been squashed by the rolling 
process, giving grain directional properties along the length of the wire; however it is greatly 
reduced compared to the original pre-annealing round wire. This is partially a result of the 
annealing process eliminating much of the original grain alignment and partially a result of the 
wire shaping process. 
The wire shaping process had the effect of reintroducing stresses into the material. In this case it 
was beneficial, since the work hardening ensured that the wire did not deform further when 
being passed through the wire feeder; while its flat shape ensured that it had a great deal of 
flexibility in one transverse axis, allowing it to more easily navigate the curves present in the 
wire feeding tube. 
 (a) 
(b) 
 Appendix C – Parameter map with Nd:YAG laser welding 
Prior to commencement of Nd:YAG laser wire deposition, it was necessary to develop the ability 
to weld. The welding parameters developed here were used as starting points to develop the 
parameters used for Nd:YAG laser deposition.  
A welding beam of 0.8 mm diameter was used, from a lens with a 120 mm focal length. The 
substrate was 0.8 mm thick mild steel sheet and was etched with 5% Nital. 
Basic settings are given in Table C1. 
Table C1: Nd:YAG laser welding settings 
Frequency (Hz) 75 
Pulse length (ms) 5.5 
Pulse height (%) 17 
Start delay (s) 0.4 
Feed rate (mm/min) 300 
 
Each pair of welds altered one of the settings given in Table , both upwards and downwards. 
Optical micrographs of these are given in the following figures. 
Figure C1 gives optical micrographs showing the results when the Frequency from Table  is 
altered, with all other settings unchanged. 
 
Figure C1: BF optical micrographs showing Nd:YAG laser welds on mild steel at (a) 40 Hz and (b) 85 Hz 
Figure C2 gives optical micrographs with welds created with altered pulse lengths from Table  
with all other settings unchanged. 
(a) (b) 
  
Figure C2: BF optical micrographs showing Nd:YAG laser welds on mild steel at a pulse width of (a) 2 ms and (b) 6 ms 
Figure C3 gives optical micrographs with welds created with altered pulse lengths from Table C1: 
Nd:YAG laser welding settings with all other settings unchanged. 
 
Figure C3: BF optical micrographs showing Nd:YAG laser welds on mild steel at feed rates of (a) 300 mm/min and (b) 
100 mm/min 
These experiments gave a range of viable parameters for laser welding thin section steel.  The 
settings used in Chapter  7 were derived from these. 
  
(a) (b) 
(a) 
(b) 
 Appendix D – Wire feeder design 
This section gives further details regarding the design and programming of the wire feeder, in 
order to allow the wire feeding experiments to be recreated more easily. 
A labelled close-up image of the wire feeding mechanism is given in Figure D1. 
 
Figure D1: Image showing details of wire feeding mechanism design 
The source code for the feeding system is not presented here, because the code used libraries 
which were unique to the computer on which it was created. Figure D2 shows a flowchart which 
describes the major components of the code and what they were designed to do. 
Powered 
feeding wheel 
(motor on far 
side) 
Wire gripping 
wheel 
Nut to allow adjustment 
of gripping force 
Slots to allow 
feeding system 
to rotate 
 WireFeedEXT
Overall program that ties all the 
subroutines together
PC
Sets feeder 
parameters:
• Start delay (s)
• Ramp up time (s)
• Feed rate (mm/s)
• Ramp down 
time(s)
• Feed time (s)
• Feed length (mm)
• End delay (s)
• Retract time (s)
• Retract distance 
(mm)
System control
Allows manual 
control of the 
system:
• Manual feeding 
and retracting
• Setting manual 
feed rate
• Toggling 
external trigger 
ON and OFF
Save and load 
profile
System to allow the 
settings given in “PC” 
to be saved and 
recalled from memory 
or SD Card 
Run
Runs the feeding 
program according 
to the settings in 
“PC”
 
Figure D2: Flowchart showing the main software components of the wire feed system 
  
 Appendix E – Published papers 
This section consists of the two papers that have been published, along with the third paper that 
is under review. 
